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DYNAMIC BANDWIDTH RESOURCE
ALLOCATION FOR SATELLITE
DOWNLINKS
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STATEMENT AS TO RIGHTS TO INVENTIONS
MADE UNDER FEDERALLY SPONSORED
RESEARCH OR DEVELOPMEN'T

This Government may have rights 1n aspects of this imnven-
tion pursuant to Prime Contract No. FASSOS-04-C-0023.

BACKGROUND

The present 1invention relates to satellite communications
in general and, 1n particular, to resource allocation. Satellite
communications systems oiten have a limited amount of
available bandwidth to be allocated to terminals. However,
the bandwidth needs for the terminals within a system may
change over time. Moreover, different terminals may have
varying service level agreements, and recerve different types
and amounts of traffic.
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It may, therefore, be desirable to utilize a system design 1n
which resources are allocated dynamically, 1n response to
bandwidth measurements and terminal characteristics, along,
with various quality of service metrics.

SUMMARY

Novel satellite communications systems, methods, and
related devices are described. In a one set of embodiments, a
novel architecture for a multi-beam satellite communications
system 15 described for allocating resources among different
downlink beams and modulation and coding (“modcode”)
groups. Such a system may be made up of a satellite 1n
communication with terminals (e.g., subscriber terminals or
gateways). The satellite may recerve, monitor, and compile
various types of traffic data and terminal parameters. The
satellite may be configured with different downlink beam
coverage areas, and may dynamically allocate downlink par-
ticular frequency channels and time slots among different
beams.

In a one set of embodiments, downlink bandwidth require-
ments are estimated based on traific measurements and ter-
minal parameters (e.g., minimum sustained rate (MinSR) and
committed information rate (CIR)). Bandwidth may be esti-
mated on a per-beam, or per modulation and coding group
(MCG), basis. The bandwidth estimate may be used to allo-
cate bandwidth on a per-beam, or per MCG, basis. Various
fairness policies may be used in the bandwidth allocation
process. In another set of embodiments, modulators may be
assigned to specific MCGs or beams. As traffic changes, a
process of modulator balancing and reassignment 1s
described. In still another set of embodiments, frequency
channels and time slots therein may be assigned to MCGs.

BRIEF DESCRIPTION OF THE DRAWINGS

A Turther understanding of the nature and advantages of the
present invention may be realized by reference to the follow-
ing drawings. In the appended figures, stmilar components or
features may have the same reference label. Further, various
components of the same type may be distinguished by fol-
lowing the reference label by a dash and a second label that
distinguishes among the similar components. If only the first
reference label 1s used 1n the specification, the description 1s
applicable to anyone of the similar components having the

same first reference label irrespective of the second reference
label.

FIG. 1 1s a block diagram of a multi-beam satellite com-
munications system including components configured
according to various embodiments of the invention.

FIG. 2 1s a block diagram of a configuration that may be
used 1n a device or system to dynamically allocate downlink
resources among beams according to various embodiments of
the mvention.

FIG. 3 1s block diagram of a system that may be used 1n a
device or system to dynamically allocate downlink resources
among beams and modulation and coding groups according
to various embodiments of the invention.

FIG. 4 1s a block diagram 1llustrating a DBRA control unit
for dynamically allocating downlink resources among beams
according to various embodiments of the invention.

FIG. 5 1s a block diagram 1llustrating a DBRA control unit
including a number of queues for dynamically allocating
downlink resources among beams according to various
embodiments of the mvention.
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FIG. 6 1s a flowchart illustrating a method of downlink
resource allocation among beams across allocation periods
according to various embodiments of the invention.

FIG. 7 1s a flowchart illustrating a method of downlink
resource allocation among beams, modulation and coding
groups, and classes according to various embodiments of the
invention.

FIG. 8 1s a flowchart illustrating a method of dynamic
resource allocation via a network control center according to
various embodiments of the invention.

FIG. 9 1s a block diagram of a configuration using a
resource allocation module to generate resource estimates
and dynamically allocate available resources according to
various embodiments of the invention.

FIG. 10 1s a diagram of a table of terminal parameter
information that may be sent from a terminal to a satellite
according to various embodiments of the invention.

FI1G. 11 1s a diagram 1llustrating a table of parameter infor-
mation according to various embodiments of the invention.

FI1G. 12 1s a diagram 1llustrating tables of traific measure-
ment mformation according to various embodiments of the
invention.

FI1G. 13 1s a diagram 1llustrating tables of resource estima-
tion information according to various embodiments of the
ivention.

FIG. 14 1s a block diagram of a system 1illustrating a
resource allocation module to generate resource estimates
and dynamically allocate available resources according to
various embodiments of the invention.

FIG. 15 1s a flowchart illustrating a method of resource
allocation for downlink beams in a multi-beam satellite sys-
tem according to various embodiments of the invention.

FIG. 16 1s a flowchart 1llustrating an order for downlink
resource allocation according to various embodiments of the
invention.

FI1G. 17 1s a flowchart 1llustrating ordering for downlink
resource allocation according to various embodiments of the
ivention.

FI1G. 18 1s a block diagram of a configuration for modulator
assignment and balancing according to various embodiments
of the mvention.

FIG. 19 1s a block diagram 1llustrating a system for modu-
lator assignment and balancing according to various embodi-
ments of the invention.

FI1G. 20 1s a block diagram illustrating tables which may be
used to match beams or MCGs to modulators according to
various embodiments of the invention.

FI1G. 21 1s a flowchart 1llustrating a method of beam 1den-
tification according to various embodiments of the mvention.

FI1G. 22 1s a flowchart illustrating a method of modulator
rebalancing according to various embodiments of the mven-
tion.

FI1G. 23 1s a flowchart illustrating a method of modulator
assignment and rebalancing over n epochs according to vari-
ous embodiments of the invention.

FI1G. 24 15 a flowchart 1llustrating an alternative method of
modulator rebalancing according to various embodiments of
the 1nvention.

FI1G. 25 1s a block diagram 1llustrating a configuration for
frequency channel assignment according to various embodi-
ments of the invention.

FI1G. 26 15 a block diagram 1llustrating an example system
for frequency channel and time slot assignment according to
various embodiments of the invention.

FI1G. 27 1s a block diagram 1llustrating an example process
for assigning frequency channels and time slots to beams or
MCGs according to various embodiments of the invention.
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FIG. 28 illustrates an example beam layout for a four-beam
system according to various embodiments of the invention.

FIG. 29 15 a block diagram 1llustrating certain parameters
of an example satellite communications system that may be
used with the example beam layout according to various
embodiments of the mvention.

FIG. 30 1s a flowchart 1llustrating a method for frequency
channel assignment according to various embodiments of the
ivention.

FIG. 31 1s a flowchart illustrating a method of selecting
modulation and coding groups for frequency channel assign-
ment according to various embodiments of the mnvention.

FIG. 32 1s a tflowchart 1llustrating a method of frequency
channel and time slot assignment according to various
embodiments of the invention.

FIG. 33 15 a flowchart illustrating a method of frequency
channel assignment for modulation and coding groups
according to various embodiments of the invention.

DETAILED DESCRIPTION OF THE INVENTION

Novel satellite communications systems, methods, and
related devices are described. In one embodiment, a satellite
communications system 1s configured to dynamically allo-
cate downlink resources among different downlink beams.
Such a system may 1nclude a satellite in communication with
terminals (e.g., subscriber terminals or gateways). The satel-
lite may receive, monitor, and compile traffic data from the
terminals. The satellite may be configured with different
downlink beam coverage areas, and may dynamically allo-
cate downlink resources including particular frequency chan-
nels to different beam coverage areas based on the traflic data
and service level requirements. The satellite may provide full
mesh connectivity between terminals in the same beam or
across beams. A network control center (Nee), alone or 1n
combination with functionality on the satellite, may also be
configured to perform the resource allocation functionality
described herein.

The following description provides example embodiments
only, and 1s not imtended to limit the scope, applicability, or
configuration of the ivention. Rather, the ensuing descrip-
tion of the embodiments will provide those skilled in the art
with an enabling description for implementing embodiments
of the invention. Various changes may be made 1n the function
and arrangement of elements without departing from the
spirit and scope of the invention.

Thus, various embodiments may omit, substitute, or add
various procedures or components as appropriate. For
instance, it should be appreciated that in alternative embodi-
ments, the methods may be performed in an order different
from that described, and that various steps may be added,
omitted, or combined. Also, features described with respect to
certain embodiments may be combined in various other
embodiments. Diflerent aspects and elements of the embodi-
ments may be combined 1n a similar manner.

It should also be appreciated that the following systems,
methods, devices, and software may individually or collec-
tively be components of a larger system, wherein other pro-
cedures may take precedence over or otherwise modify their
application. Also, a number of steps may be required before,
alter, or concurrently with the following embodiments.

I. System Architecture:

Systems, devices, methods, and soitware are described for
a satellite communications system, wherein the system 1is
configured to include novel bandwidth allocation functional-
ity. F1G. 1 1s a high-level block diagram illustrating a satellite
communications system 100 according to various embodi-
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ments of the invention. The system includes a satellite 105 1n
communication with terminals 130 (e.g., subscriber terminals
or gateways), a network control center (Nee) 140, and possi-
bly one or more other satellites (not shown). The satellite 105
in the 1llustrated embodiment includes three or more beams
ISO-a, ISO-b . .. 150-7, each beam 150 including a coverage
area (note that 1n other embodiments, there may be a single
beam satellite). Respective U/D converters 110 may receive
signals transmitted via the terminals 130, and transmait signals
to terminals 130, 1n their beam coverage area, as shown in
FIG. 1. The U/D converters 110 for each beam may be con-
figurable to recerve different frequency ranges, and may be
dynamically configured to serve ditferent beams (e.g., all or
part of one or more beams). U/D converters 110 are in com-
munication with modem units 115 via a switch 120 that
allows the modem units 115 to be connected with different
U/D converters 110. The modem units 115 may provide a
range of modulator and demodulator functionality described
in more detail below. The modem units 115 are in communi-
cation with a control unit 160 (including a Dynamic Band-
width Resource Allocation (DBRA) control unit 125 and
routing unit 155), which may manage and allocate system and
satellite 105 resources.

Each beam 1350 supports the terminals 130 within its cov-
erage area (e.g., providing uplink or downlink resources).
Each beam 150 may be allocated one, or more, ranges of
frequencies. In one embodiment, there 1s a single frequency
range allocated to each beam 1350 (although the frequency
range may be allocated to other beams 1350, as well). The
coverage of different beams 150 may be non-overlapping or
have varying measures of overlap. A portion of spectrum may
also be allocated for use to communicate with another satel-
lite (not shown) via an inter-satellite link (ISL). The satellite
105 may provide connectivity between terminals 130 1n the
same beam and across beams (via star or mesh connections),
as well as to and from beams of other satellites via ISLs. Thus,
for terminals 130 served by the same satellite 105, there may
be full-mesh, single-hop connectivity between terminals, or
they may communicate via the NCC 140. For terminals 130
served by different satellites, there may be full-mesh, two-
satellite-hop connectivity between terminals, or various star
configurations may be emplovyed.

In one embodiment, the DBRA control unit 125 onboard
satellite 105 manages bandwidth resources (e.g., ranges of
frequencies, and time slots therein) and assigns them to cov-
erage beams 150, modulation and coding groups (within each
beam). These allocations may be for a downlink or uplink,
although much discussion herein 1s attributable to the down-
link. To accomplish these allocations, the DBRA control unit
125 dynamically manages both spectrum resources and sat-
cllite 105 resources (e.g., routing and switching functionality,
U/D converter frequencies, demodulators, modulators, buil-
ers, etc.). DBRA resource management decisions may be
driven by terminal 130 parameters, traific measurements, and
the underlying configuration. For example, the DBRA con-
trol unit 125 may measure past traific flows from terminals
130 within different beams (e.g., looking at queue sizes and
dropped packets for some classes, as well). The DBRA con-
trol unit 125 may analyze various terminal 130 resource allo-
cations (e.g., terminal parameters such as MinSR and CIR),
and assign frequencies and slots dynamically based on vari-
ous aspects ol service level agreements (SLAs). In other
embodiments, one or more of the DBRA control unit 125
functions described herein may be performed by the NCC
140 (which may be made up of a number of internet worked
devices, or be integrated into a gateway terminal). Various
types of bandwidth-related resources are described generally
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herein as “resource units.” For example, a resource unit may
include an assignable or allocatable time slot, frequency sub-
band, or any other type of system or satellite resource. Fur-
ther, the resource units may not correspond to other units of
measurement (e.g., each time slot resource unit does not
necessarily represent a single time slot), and should therefore
be broadly construed, for example as any type of quantization
that 1s usetul for allocation.

Terminals 130 may be mobile or fixed, and thus may log on
to different beams 150 depending on location and may move
from beam to beam. Terminals 130 (which may include the
NCC 140) may have allocations of particular amounts of
downlink bandwidth for different trailic types, and may con-
sume varying amounts of downlink resources for different
types of traific, using varying link condition dependent down-
link modes. The DBRA control unit 125 may be configured to
allocate the appropriate amount of resources to each beam. It
may utilize sharing rules (policies) to allocate resources
among terminals 130 when demand exceeds resource avail-
ability, providing preferences to terminal traffic that conform
to the SLAs. In some embodiments, terminal 130 SLAs pro-
vide miformation about how much traffic of a given traffic
class 1s guaranteed to a terminal 130 (CIR).

In one embodiment, the satellite 105 includes a number of
modem umits 115. Each modem unit 115 may have a single
modulator that 1s shared among a number of downlink beams,
with each beam served by only one modulator. In one
embodiment, a modulator 1s characterized as a module that
outputs a wavetorm for one carrier at a given time period. The
modem units 115 may be managed by the DBRA control unit
125. Fach modem unit 115 may receive a signal (e.g., an IF
signal) from, or output a signal to, an associated U/D con-
verter 110. Each modem unit 115 may provide some or all of
the physical, link, and MAC layer functions for signals
received from terminals 130. Other modem configurations
may be used as well, as evident to those skilled in the art. A
variety of functions may be performed by the modems units
115, such as a) modulation, demodulation, coding, decoding,
framing, time-division multiple access (T DMA); b) dynamic/
adaptive/variable modulation/coding; ¢) frequency and/or
power management; d) master, or secondary, reference ter-
minal functions, including acquisition and synchronization
support and link quality measurements (e.g., measuring ire-
quency, timing, or power of one or more received signals); €)
packet segmentation and reassembly; 1) dynamic TDMA
bandwidth request; g) packet queuing, scheduling, and queue
management; and h) internet protocol (IP) packet routing and
forwarding. Note that there may be different numbers of
modulators and demodulators on a satellite 105, or 1n a par-
ticular modem unit 115. In other embodiments, one or more
of these functions may be performed by the NCC 140.

The routing unit 155, in communication with each of the
modem units 115, may provide the layer 3 functionality or
other routing functionality (instead of the modem units 115),
including IP packet routing across multiple beams/transpon-
ders. The routing unit 155 (or the modem units 115) may
perform a variety of routing functions including: a) IP routing
for various protocols (RIP, BGP, OSPF, PIM) and multicast
replication; b) traific conditioning, policing, and access con-
trol; and ¢) RSVP/ARSVP.

The NCC 140 may also provide network management
services for the modem units 115 and the terminals 130. The
NCC 140 may include the following functions: a) IP modem
management (provisioning, configuration, soltware/firm-
ware downloads to terminals, status and performance man-
agement); b) system broadcast messages; ¢) terminal acqui-
sition and synchronization support; d) adaptive terminal
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frequency, timing, and power management support and cor-
rection; ¢) dynamic bandwidth/resource allocation; and 1)
interface with network management and router management.

Theretfore, downlink bandwidth or other resources may be
dynamically assigned to beams 150, and modulation and
coding groups (MCGs) therein, by the DBRA control unit
125 onboard satellite 1035, the NCC 140, or any combination
thereof. Terminals 130, or the DBRA control umt 125
onboard satellite 105, may measure traffic flows and 1dentily
downlink service level requirements. In the alternative, band-
width needs may be estimated. Specific time slots in specific
downlink carriers may be dynamically allocated based on
requests and/or estimates. For uplink bandwidth, a similar
process may occur, except that bandwidth estimation and

requests may be done by any combination of the satellite
modem units 115, the NCC 140, or the DBRA control unit

125. The NCC 140 and/or the DBRA control unit 125 may
include algorithms and software to eificiently perform
dynamic bandwidth allocation for all terminals, while meet-
ing CIR and fairness objectives.

System 100 parameters may be configurable using the
NCC 140 and can be optimized even after the system 1s
operational. Examples of such parameters include carrier si1z-
ing, spacing and number of carriers, number of bursts for
control and management tratfic, guard times between bursts,
and rules for bandwidth allocation. In one embodiment, an
off-path link 1s made available for managing modem units
115 and the DBRA control unit 125 (e.g., in case the on-path
link becomes unavailable due to a software and/or hardware
tailure). This off-path link may be a slow access link. Thus,
the NCC 140 may be configured to control, manage, and
monitor the links of the system 100. The NCC 140 may
monitor and control links 1n beams other than 1ts own. The
NCC 140, therefore, may perform near real-time capacity and
dynamic bandwidth management 1n addition to configura-
tion, accounting, performance, and security/authentication
tfunctions. The NCC 140 may host a web server to provide
access to browser clients.

As noted above, although the communications system 100
1s 1llustrated as a geostationary satellite-based communica-
tions system, 1t should be noted that various embodiments
described herein are not limited to use 1n geostationary satel-
lite-based systems; for example, some embodiments could be
low earth orbit (LEQO) satellite-based systems. The terminals
130 may include, for example, gateways or subscriber termi-
nals (sometimes called user terminals). The system 100 may
be a star, mesh, or hybrid, and may be implemented in an
existing star, mesh, or hybrid system.

One or more computing devices may be connected locally
(e.g., a LAN, with wired or wireless connectivity) with a
terminal 130, and a connected terminal may be connected to
a wider network, as well. Data and information, such as IP
datagrams, may be sent from such a connected device through
a terminal 130 and the satellite 105, and to another terminal
130 (or other satellite 105). A variety of physical layer trans-
mission modulation and coding techniques may be used on
links between the satellite 105 and terminal 130 (or other
satellite 105), including those defined with the DVB-S2 and
WiIMAX standards. Different multiplexing schemes may be
used as well, including Multi-Frequency Time-Division Mul-
tiple Access (MF-TDMA), TDMA, Frequency Division Mul-
tiple Access (FDMA), Orthogonal Frequency Division Mul-
tiple Access (OFDMA), Code Division Multiple Access
(CDMA), or any number ol hybrid or other schemes knmvn in
the art. In various embodiments, the physical layer techniques
may be the same, or different, for downstream and upstream
links between the satellite 105 and terminal 130 (or other
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satellite). In one embodiment, the system 100 will support
binary phase shiit keying (BPSK) and quadrature phase shiit
keying (QPSK) modulations and Viterbi and Reed-Solomon
torward error correction (FEC). The system may additionally
support 8-PSK and 16 QAM, and LDPC and Turbo code FEC.

In one embodiment, the downlink 1s 1n a multi-frequency
time-division multiple access (MF-TDMA) format. The
downlink spectrum 1s configured as N carriers, which may
include different or configurable different symbol rates and
carrier sizes. Each carrier 1s divided in time 1nto fixed period
frames, and each frame contains a number of variable sized
time slots, or bursts. In general, each time slot may be
dynamically assigned to and used by a terminal 130 for send-
ing data. Each time slot may use a specific modulation and
FEC coding rate, and contain one or more packet segments.
User IP packets may be fragmented into packet segments and
reassembled at the modem unit 115 before IP processing.
Certain bursts are used for network control packets for termi-
nal acquisition, terminal synchronization maintenance, and
bandwidth requests. In one embodiment, the burst structures
used may be the same as those used 1n existing mesh archi-
tectures.

A terminal 130 may use an antenna to transmit a signal to
the satellite 105. In one embodiment, the antenna 1s a para-
bolic reflector with high directivity in the direction of the
satellite 105 and low directivity in other directions. The
antenna may have a variety of alternative configurations and
include operating features such as high i1solation between
orthogonal polarizations, high efficiency in the operational
frequency bands, and low noise. Terminals 130 with small
antennal HPA sizes and limited power may be accommodated
by configuring a few small sized carriers (e.g., 384 or 512
ksps) on the uplink.

Terminals 130 may include existing, modified, and specifi-
cally configured terminals. Terminals 130 may include a
small indoor unit (IDD) and an appropriately sized antenna
and RF equipment (the outdoor unit ODD). The IDU may

have a 10/100/1000 baseT E

Ethernet/IP interface as the user
traffic interface. The IDU may provide IP router functionality
to the user network. In one embodiment, terminals 130 are
managed through the satellite 105 by the NCC 140. The NCC
140 may, therefore, be configured to allocate uplink band-
width on carriers for these terminals 130, and send routing
information to the terminals 130.

The satellite 105 may, for example, use a reflector antenna,
lens antenna, array antenna, active antenna, or other mecha-
nism known in the art for reception of such signals. The
satellite 105 may process the signals received from a terminal
130, and then route and transmit the processed signal down to
another terminal 130 (which may be within the same, or
different, beam, or may be served via another satellite 105 via
an ISL). In one embodiment, the satellite 105 operates 1n a
multi-beam mode, transmitting a number of narrow beams
cach directed at a different region of the earth, allowing for
frequency re-use.

With the foregoing description of certain options for the
system, one particular embodiment will now be described
with more detail. In this embodiment, assume that there are
five bands (channels) to be allocated among a set o1 20 down-
link: beams. In one embodiment, two channels will be 80
MHz, and three channels will be 40 MHz. One channel (or, 1n

some embodiments, more channels) will be allocated to each
downlink: beam, and a 3-color reuse constraint will be
employed. The bandwidth allocation among beams may
occur every nepochs (e.g., every 16 epochs). Each epoch may
be 640 ms, and there may be 320 time slots 1n each epoch.

Each sub-channel may support BPSK, QPSK, 8-PSK, and 16




US 9,118,455 B2

9

QAM. Time slots 1n the appropriate sub-channel si1ze and at a
particular modulation may be assigned to terminals. It 1s
worth noting that the above are merely examples. For
example, there may instead be two 80 MHz bands, and one 40
MHz band. Alternatively, there may be four 120 MHz chan-
nels and eight 60 MHz channels. A number of other channel
s1zes, epoch lengths, and time slot lengths may be used 1n
other embodiments.

More generally, the satellite communications system 100
allocates downlink: resources in a multi-beam satellite com-
munications network. The DBRA control unit 125 onboard
satellite 105, the NCC 140, or any combination thereof, may
control this functionality. The system 100 may identity an
estimated downlink: resource umit demand for each of the
beams for a future defined time duration based downlink:
tra )

Tic data for the beams. The system 100 may also 1dentify
an amount of allocatable resource units for the future defined
time duration. The system 100 may dynamically allocate
portions ol the amount of allocatable resource units to each of

the beams to generate a changed per-beam downlink:
resource unit allocation for the future defined time duration,
the allocation based on the estimated downlink: resource unit
demand for each of the beams.

Data packets destined for a downlink: may be grouped as
modulation and coding groups (MCGs), with each group
including packets that are 1) destined to the same beam (e.g.,
beam 150 of FIG. 1), and 2) have the same modulation and
coding format designation. Therefore, the term MCG may be
used heremaftter to define a group that includes packets des-
tined to the same beam and assigned the same modulation and
coding format. In some embodiments, resources may be allo-
cated to modulation and coding format, and then allocated to
beams. Those skilled in the art will recognize the various
options. .

The terms “MCG” and “modulation and coding
group”’ may be used interchangeably hereinaiter.

Turning to FIG. 2, a block diagram 1s shown 1llustrating an
example configuration 200 for dynamically allocating down-
link: resources to beams 1n a satellite communications net-
work. This configuration 200 may be implemented 1n the
system 100 of FIG. 1 or, more specifically, in the NCC 140,
the DBRA control unit 125, or any combination thereof.
However, some or all of the functionality of these modules
may be implemented 1n other devices or sets of devices.

The configuration 200 includes a beam estimation module
205, an MCG estimation module 210, and a resource alloca-
tion module 215, which may each be 1n communication with
cach other. These modules may, individually or collectively,
be implemented with one or more Application Specific Inte-
grated Circuits (ASICs) adapted to perform some or all of the
applicable functions 1n hardware. Alternatively, the functions
may be performed by one or more other processing units (or
cores), on one or more integrated circuits. In other embodi-
ments, other types of integrated circuits may be used (e.g.,
Structured/Platiorm  ASICs, Field Programmable Gate
Arrays (FPGAs), and other Semi-Custom I1Cs), which may be
programmed 1n any manner known 1n the art. The functions of
cach unit may also be implemented, 1n whole or in part, with
instructions embodied in a memory, formatted to be executed
by one or more general or application-specific processors.

The beam estimation module 205 1dentifies an estimated
downlink resource unit demand for each of a number of
beams 1n a multi-beam system. This estimate may be for a
defined future time duration, and be based 1n part on downlink
tratfic data for each beam, monitored before the defined time
duration. The beam estimation module 205 may estimate
downlink resource unit demand for each beam by measuring,
on the satellite (e.g., satellite 105 of FIG. 1), the amount of
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traffic directed to each beam. The beam estimation module
205 may identify an estimated downlink resource unit
demand for each beam by receiving traific measurements
made by the terminals 1n each beam measuring amount of
traffic received from the satellite and destined for each beam.
Alternatively, the beam estimation module 205 may identify
an estimated downlink resource unit demand for each of the
beams by receiving (e.g., at an NCC 140) a measurement
taken on the satellite 1dentifying an amount or other rate of
traific directed to each beam. The beam estimation module
205 may 1dentity or modity the estimated downlink resource
unit demand for each beam by measuring average queue sizes
at the satellite attributable to each beam, or by calculating a
number or rate o dropped packets destined for each downlink
beam (e.g., occurring at the satellite or at a gateway transmit-
ting to the satellite).

The MCG estimation module 210 may 1dentily an esti-
mated downlink resource unit demand for each of anumber of
modulation and coding groups. This estimate may be specific
to beams (e.g., beams 150 of FIG. 1), or may a system-wide
estimate. The MCG estimation module 210 may recerve link
condition data from the terminals within the beam, and esti-
mate the downlink resource unit demand for each modulation
and coding group based on the link conditions.

The resource allocation module 215 1dentifies an amount
ol allocatable resource units for the downlink for a defined
time duration. The resource allocation module 215 may
dynamically allocate a portion of the allocatable resource
units to each beam to generate a per-beam downlink resource
unit allocation for the defined time duration. This dynamic
allocation may be proportional or otherwise based on the
estimated downlink resource unit demand for each beam. The
resource allocation module 215 may also dynamically allo-
cate the allocated resource units for each beam among the
modulation and coding groups for the defined time duration.
This modulation and coding group allocation may be propor-
tional or otherwise based on the estimated downlink resource
unit demand for each of the modulation and coding groups in
cach respective beam.

Turning to FIG. 3, a block diagram 1s shown 1llustrating,
another example system 300 for dynamically allocating
downlink resources to beams in a satellite communications
network. This system 300 may be implemented in the system
100 of FIG. 1 or, more specifically, in the NCC 140, the
DBRA control unit 125, or any combination thereof. This
system 300 may be an example of the configuration described
with reference to FIG. 2.

The system 300 includes a series of beam-specific estima-
tion modules 310. Each beam-specific estimation modules
310 includes a beam estimation module 205, an MCG esti-
mation module 210, and a class estimation module 305 for the
respective beam. Within each beam-specific estimation mod-
ule 310, a beam estimation module 205 i1dentifies an esti-
mated downlink resource unit demand for the relevant beam.
Within each beam-specific estimation module 310, the MCG
estimation module 210 may 1dentify an estimated downlink
resource unit demand for each of a number of modulation and
coding groups for the relevant beam. Within each beam-
specific estimation module 310, the class estimation module
305 may identily an estimated downlink resource unit
demand for each of a number of traific classes (e.g., voice,
interactive video, data, etc.) for the relevant beam. In this, or
other embodiments, the class estimation may be a system-
wide estimate, be specific to beams (e.g., beams 150 of FIG.
1), be specific to a modulation and coding format system-
wide, or be specific to MCGs (within a beam).
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The resource allocation module 215-a may receive the
estimates from each beam specific estimation module 310.
The resource allocation module 215-a 1dentifies an amount of
allocatable resource units for the downlink for a defined time
duration. The resource allocation module 215-a may dynami- 5
cally allocate a portion of the allocatable resource units to
cach beam to generate a per-beam downlink resource unit
allocation for the defined time duration. The resource alloca-
tion module 215-a may also dynamically allocate the allo-
cated resource units for each beam among the modulation and 10
coding groups for the defined time duration. The resource
allocation module 215-q¢ may also dynamically allocate the
allocated resource units for each modulation and coding
group within each beam among classes for the defined time
duration. There are a number of alternative ordering schemes 15
that may be used to perform the allocations (among beams,
MCGs, and classes) in parallel or serially. Thus, the relative
allocation among traflic classes may be different in each
modulation and coding group, and be different across beams.

In another embodiment, the relative allocation among traffic 20
classes may be substantially the same 1n each modulation and
coding group, and be substantially the same across beams.

Turning to FIG. 4, a block diagram 400 1s shown 1llustrat-
ing an example of a DBRA control unit 125-a for dynamically
allocating downlink resources to beams 1n a satellite commu- 25
nications network. This DBRA control unit 125-a may be
implemented 1n the system 100 of FIG. 1 or, more specifi-
cally, in the satellite 105. However, aspects may be imple-
mented off the satellite, as well (e.g., 1n the NCC 140).

The DBRA control umit 125-a includes a beam sorter mod- 30
ule 405, an MCG sorter module 410, and a resource manager
415, which may each be 1n communication with each other.
These modules may, individually or collectively, be imple-
mented with one or more Application Specific Integrated
Circuits (ASICs) adapted to perform some or all of the appli- 35
cable functions 1n hardware. Alternatively, the functions may
be performed by one or more other processing units (or
cores), on one or more integrated circuits. In other embodi-
ments, other types of integrated circuits may be used (e.g.,
Structured/Platiorm  ASICs, Field Programmable Gate 40
Arrays (FPGAs), and other Semi-Custom I1Cs), which may be
programmed 1n any manner known 1n the art. The functions of
cach unit may also be implemented, 1n whole or in part, with
instructions embodied in a memory, formatted to be executed
by one or more general or application-specific processors. 45
The configuration 200 of FIG. 2 may be implemented 1n the
resource manager 413.

As packets pass through a satellite (e.g., satellite 1035 of
FIG. 1) from an uplink to a downlink, they may pass through
a router unit 155 before being encoded, modulated, and up 50
converted for transmission via the downlink. The beam sorter
module 405 may group these packets by downlink beam (e.g.,
beam 150 of FIG. 1). The MCG sorter module 410 may,
within each beam, group packets according to their modula-
tion and coding formats, thereby sorting the packets accord- 55
ing to MCGs.

The resource manager 415 may identily an amount of
allocatable resource units for the downlink for a defined time
duration. The resource manager 415 may dynamically allo-
cate a portion of the allocatable resource units to each beam to 60
generate a per-beam downlink resource unit allocation for the
defined time duration. This dynamic allocation may be pro-
portional or otherwise based on the estimated downlink
resource unit demand for each beam (e.g., based on moni-
tored traific through the DBRA control unit 125-a). The 65
resource manager 415 may also dynamically allocate the
resource units allocated for each beam among the modulation
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and coding groups for the defined time duration. This modu-
lation and coding group allocation may be proportional or
otherwise based on the estimated downlink resource unit
demand for each of the modulation and coding groups 1n each
respective beam (e.g., based on monitored traffic through the
DBRA control unit 125-a).

Turming to FIG. 5, a block diagram 1s shown 1llustrating an
example of a DBRA control unit 125-6 (e.g., the DBRA

control unit 125 of FIG. 1 or 4). As packets pass through a
satellite (e.g., satellite 105 of FIG. 1) from an uplink to a
downlink, they may pass through a router unit 155 before
being encoded, modulated, and up converted for transmission
via the downlink. These data packets may be grouped as
MCGs, with each group including packets that are 1) destined
to the same beam (e.g., beam 150 of FIG. 1), and 2) have the

same modulation and coding designation.

The data packets may enter a mux 505 after entering the
DBRA control unit 125-5, which may distribute the packets
to different queues based on the packet’s MCG and class. The
mux 505 may be the beam sorter module 405 and MCG sorter
module 410 of FIG. 4. Thus, each queue may include those
packets which 1) are destined to terminals 1n the same beam,
2) will be assigned the same modulation and coding format,
and 3) are 1n the same traflic class. For example, assuming 3
traffic classes, MCG 11.1 may be a queue for the packets to be
assigned BPSK (14) Class 1 tratfic for Beam 1, MCG 11.2
may be a queue for the packets to be assigned BPSK (/4)
Class 2 traffic for Beam 1 (same MCG, but different queue
because Class 2 traffic), and so on up to MCG IN.3 which may
be a queue for the packets to be assigned QAM (74) for class
3 traflic for Beam 1; MCG 21.1 may be a queue for the packets
to be assigned BPSK (¥3) for class 1 traffic for Beam 2, MCG
21.2 may be a queue for the packets to be assigned BPSK (14)
for class 2 tratfic for Beam 2, and so on up to MCG 2N. 3
which may be a queue for the packets to be assigned QAM
(%%6) class 3 traffic for Beam 2, and so on up to beam N. It 1s
worth noting that in other embodiments other queueing
schemes may be used. For example, queues may have com-
bined traffic classes (e.g., there may be one or more MCGs per
queue), or have turther differentiation among traific classes.
Moreover, the MCG for beams using the same frequency
range may be combined 1n the same queue. A range of alter-
natives will be apparent to those skilled 1n the art.

A resource manager 415-a (e.g., resource manager 415 of
FIG. 4) may measure the traffic passing through the queues,
and also receive or otherwise 1dentily terminal 130 param-
cters. The resource manager 415 may estimate bandwidth
required for the different MCGs, utilizing the measured traific
and terminal parameters to define bandwidth requirements
based on arange of metrics. The resource manager 415-a may
then allocate bandwidth to each MCG, utilizing one of arange
of fairness policies if there 1s msuificient bandwidth. Using
the allocation information, modulators may be assigned to
beams (e.g., 1n each modem unit 115-q, there may be one
modulator to be shared by a number of beams). In other
embodiments, MCGs within each beam may be assigned to
different modulators. The available ranges of frequencies,
and time slots within those frequencies, may then be assigned
to each MCG.

FIG. 6 1s a flowchart illustrating a method 600 of dynamic
resource allocation across allocation periods. The method
600 may, for example, be performed by the DBRA control
umt 125 of FIG. 1,4, or 5, the NCC 140 of FIG. 1, or any
combination thereof. The method 600 may be performed
using the configuration 200 of FI1G. 2 or the configuration 300
of FIG. 3, as well.
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Atblock 605, an estimated downlink resource unit demand
1s identified for each of a number of beams for a future defined
time duration responsive to downlink traffic data for each
beam. At block 610, an amount of allocatable resource unaits
tor the future defined time duration 1s 1dentified for the multi-
beam satellite communications network. At block 615,
responsive to the estimated downlink resource unit demand of
each beam, a subset of the amount of allocatable resource
units 1s dynamically allocated to each beam to generate a
changed per-beam downlink resource unit allocation for a
future defined time duration. At block 620, an estimated
downlink resource unit demand 1s identified for each of a
number of modulation and coding groups. At block 625,
responsive to the estimated downlink resource unit demand
for each modulation and coding group, the allocated resource
units for each beam are dynamically allocated among the
plurality of modulation and coding groups for the future
defined time duration.

FI1G. 7 1s a flowchart i1llustrating an alternative method 700
of dynamic resource allocation across allocation periods. The
method 700 may, for example, be performed by the DBRA
control unit 125 of FIG. 1.4, or 5, the NCC 140 of FIG. 1, or
any combination thereof. The method 700 may be performed
using the configuration 200 of FIG. 2 or the configuration 300
of FIG. 3, as well.

Atblock 705, an estimated downlink resource unit demand
1s identified for each of a number of beams for a future defined
time duration responsive to downlink traffic data for each
beam. At block 710, an amount of allocatable resource unaits
1s 1dentified for the future defined time duration for the multi-
beam satellite communications network. At block 7185,
responsive to the estimated downlink resource unit demand of
each beam, a subset of the amount of allocatable resource
units 1s dynamically allocated to each beam to generate a
changed per-beam downlink resource unit allocation for the
tuture defined time duration.

Atblock 720, an estimated downlink resource unit demand
1s identified for each beam for each of anumber of modulation
and coding groups. At block 725, responsive to the estimated
downlink resource umt demand for each modulation and
coding group 1n each beam, the allocated resource units for
cach beam are dynamically allocated among the modulation
and coding groups for the future defined time duration. At
block 730, an estimated downlink resource unit demand 1s
identified in each beam for each of a number of traffic classes.
At block 735, responsive to the estimated downlink resource
unit demand of each class, the allocated resource units for
cach beam are dynamically allocated among the classes for
the future defined time duration. This may be undertaken on
a per-beam, or per MCG basis.

FI1G. 8 1s a tlowchart 1llustrating a method 800 of dynamic
resource allocation via a Network Control Center (e.g., the
NCC 140 of FIG. 1). The method 800 may, for example, be
performed by the DBRA control unit 125 of FIG. 1,4, or 5, the
NCC 140 of FIG. 1, or any combination thereof. The method
800 may be performed using the configuration 200 of FIG. 2
or the configuration 300 of FIG. 3, as well.

At block 805, downlink traffic, queue size, and dropped
packets are monitored and measured for each of a number of
beams, for each modulation and coding group for each beam,
and for the classes for each beam. At block 810, the measure-
ments are transmitted to a Network Control Center. At block
815, an estimated downlink resource unit demand 1s i1denti-
fied for each of the beams for a future defined time duration
responsive to the measurements. At block 820, an amount of
allocatable resource units 1s 1dentified for the future defined
time duration. At block 825, responsive to the estimated
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downlink resource unit demand of each beam, a subset of the
amount of allocatable resource units to each beam 1s dynami-
cally allocated to generate a per-beam downlink resource unit
allocation for the future defined time duration.

At block 830, an estimated downlink resource unit demand
1s identified for each beam for each of a number of modulation
and coding groups responsive to the measurements. At block
835, responsive to the estimated downlink resource unit
demand for each modulation and coding group, the allocated
resource units for each beam are dynamically allocated
among the modulation and coding groups for each respective
beam for the future defined time duration. At block 840, an
estimated downlink resource unit demand 1s 1dentified in each
beam for each of a number of traific classes responsive to the
measurements. At block 845, responsive to the estimated
downlink resource unit demand of each class, the allocated
resource units for each beam are dynamically allocated
among the classes for the future defined time duration.

II. Resource Estimation and Allocation:

FIG. 9 15 a high-level block diagram showing an example
configuration 900 i1llustrating how a resource allocation mod-
ule 215-b (e.g., the resource allocation module 215 of FIG. 2
or 3) may use various mnputs to generate resource estimates
and dynamically allocate available resources. This configu-
ration 900 may be implemented 1n the system 100 of FIG. 1
or, more specifically, in the NCC 140 of FIG. 1, the DBRA
control unit 125 of FIG. 1.4, or 5, or any combination thereof.
However, some or all of the functionality of these modules
may be implemented 1n other devices or sets of devices.

The configuration 900 includes a terminal parameter mod-
ule 905, a downlink beam measurement module 910, a
resource allocation module 215-6 (which may be the resource
allocation module 215 of FIG. 2 or 3), and a resource estima-
tion datastore 915, which may each be 1n communication with
cach other. These modules may, individually or collectively,
be implemented with one or more Application Specific Inte-
grated Circuits (ASICs) adapted to perform some or all of the
applicable functions 1n hardware. Alternatively, the functions
may be performed by one or more other processing units (or
cores), on one or more mtegrated circuits. In other embodi-
ments, other types of integrated circuits may be used (e.g.,
Structured/Platform  ASICs, Field Programmable Gate
Arrays (FPGAs), and other Semi-Custom I1Cs), which may be
programmed 1n any manner known 1n the art. The functions of
cach unit may also be implemented, 1n whole or 1n part, with
instructions embodied in a memory, formatted to be executed
by one or more general or application specific processors. The
resource allocation output 920 1s illustrated, as well.

A terminal parameter module 905 may be configured to
aggregate terminal parameter information to identify a cumu-
lative guaranteed rate for each of the beams (e.g., beams 150
of FIG. 1). The cumulative guaranteed downlink rate may be
a committed information rate, or may be a combination of a
minimum sustained rate and a committed information rate for
the terminals (e.g., terminals 130 of FIG. 1) of each respective
beam, as will be discussed 1n more detail below. Some or all
of the terminals may transmit their terminal parameters to the
satellite (e.g., satellite 105 of FIG. 1), although this informa-
tion may be gathered in other ways, as well. This information
may be based on any combination of service level agreement
(SLA) mformation, past and estimated future bandwidth
needs, and may, for example, be sent every epoch, every n
epochs, or whenever bandwidth needs change 1n excess of a
threshold. The parameter information may be updated or
aggregated every n epochs, and may occur more regularly
when traific needs are varying more rapidly. It 1s worth noting
that while 1n one embodiment the satellite performs this allo-
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cation and assignments; in other embodiments, all or part of
this functionality may be performed by an Nee (e.g., Nee 140
of FIG. 1). It 1s also worth noting that while the terminal
parameters may be sent from each terminal, this information
may also be generated by, stored at, or delivered from other
sources (e.g., ifrom the Nee).

A downlink beam measurement module 910 may measure,
or otherwise estimate, downlink data traffic directed to each
beam. The traflic measurements may, in some embodiments,
be recerved by the downlink beam measurement module 910
from another source. The downlink beam measurement mod-
ule 910 may be configured to i1dentily a measured rate of
downlink resource units for each of the beams (e.g., for
defined past time duration), and i1dentity, for each beam, an
amount by which the measured rate exceeds the guaranteed
downlink rate. This may be referred to herein as the “excess
measured rate.”

The downlink beam measurement module 910 may mea-
sure satellite queue size changes attributable to each beam,
and calculate dropped packets. The measured rate of down-
link resource units may be calculated to account for the queue
s1ze changes and the dropped packets. As noted, the downlink
beam measurement module 910 may be implemented on the
satellite (e.g., satellite 105 of FIG. 1), and the measurements
may occur on the satellite.

A resource allocation module 215-b6 (e.g., the resource
allocation module of FIG. 2 or 3), may receive the terminal
parameter information (from the terminal parameter module
905) and the traffic measurements (from the downlink beam
measurement module 910). The resource allocation module
215-H6 may use recerved information to estimate resources
needed for each beam, and store the estimation on the
resource estimation datastore 915. The resource allocation
module 215-5 may 1dentily an amount of allocatable down-
link resource units for a future defined time duration. The
resource allocation module 215-b6 may use the estimation to
dynamically generate resource allocation data 920 for the
tuture defined time duration. The resource allocation module
215-b may allocate a portion of allocatable downlink resource
units among each of the plurality of beams for the future
defined time duration. This allocation may correspond pro-
portionally to the cumulative guaranteed downlink informa-
tion rate for each beam. The resource allocation module
215-6 may allocate, after the first portion 1s allocated, a
remaining portion of the allocatable downlink resource units
among each of the plurality of beams for the future defined
time duration. This allocation may proportionally correspond
to the respective excess measured rate for each beam.

In one embodiment, the downlink beam measurement
module 910 measures an amount of downlink resource units
directed to each beam over a past time period substantially
equal 1n length to the future time allocation period, although
in some embodiments, the measurement period may be
longer or shorter. As noted, the resource estimation and allo-
cation may be made every n epochs, and may occur more
regularly when trailic needs are varying more rapidly.

FI1G. 10 1s a diagram that illustrates a table 1000 of terminal
parameter information that may be sent from a terminal 130 to
a satellite 105 (or NCC 140) of FIG. 1. All, or any subset, of
the following information may be transmitted from a terminal
to provide terminal parameters. For example, a terminal may
send a terminal ID 1005 (MAC Address, IP Address, other
unique 1dentifier or account number for the terminal). A ter-
minal may also send specific requests for each of a number of
classes 1010 of traffic (e.g., voice, interactive data, interactive
video, streaming video, or other types of data with different
quality of service metrics). For each traific class (or for a
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number of traflic classes), a minimum sustained rate 1015
(Min SR) and a commuitted information rate 1020 (CIR) may
cach be transmitted. There may also be sub-types of traffic
within a class. In other embodiments, a terminal priority
(which provides information on the priority of the terminal
relative to other terminals), amode (which may provide infor-
mation on a requested modulation scheme, coding, a
requested carrier group or amount of bandwidth), and a
requested rate may also be transmitted and used for resource
estimation and allocation purposes.

It 1s worth noting, moreover, that the information 1n table
1000 may be forwarded via the satellite 105 to the NCC 140
of FIG. 1, or may be otherwise received by the satellite 105 or
NCC 140. The satellite, the NCC, or any combination thereof
may perform the resource estimation and allocation. The
information may be made up of specific MinSR 1015 and CIR
1020 data, or may be 1n different forms. For example, the
messages may instead reflect other types of guaranteed infor-
mation rate information. In different embodiments, there may
be other formulations reflecting various quality of service or
traffic class metrics, and include various types of past traffic
or estimated future traffic information.

Turming next to FI1G. 11, a diagram 1s shown that 1llustrates
a table 1100 of terminal parameter information. This infor-
mation may be stored and formatted on a satellite (e.g., in the
DBRA control unit 125 of F1G. 1,4, or 5). This table 1100 may
be based on the information sent from a terminal 130 to a
satellite 105 (or NCC 140) of FIG. 1. This may represent an
aggregation of the information sent 1n the table 1000 of FIG.
10. In one embodiment, the terminal parameters for each
terminal on the downlink are stored. In each column, the
terminal 1105 1s listed (e.g., by termunal ID 1005), the MCG
1110 for the terminal 1s 1dentified, and the MinSR and CIR for
the terminal are listed for each class 1115. In other embodi-
ments, the table may include requested bandwidth, SLA
information, terminal priority information, and a number of
other types of data may be included and used in estimating
resource requirements. The MinSR and CIR values may be
specified 1n bits/second, Kbits/second, or other metric; they
may also be converted to a measure of normalized time-slots/
epoch. The conversion may be based on the terminal mode
(e.g., channel size, modulation, and coding) used to carry the
request. Those skilled 1n the art will recognize the various
ways 1n which the MinSR and CIR bit rate values may be
normalized nto time slots to ease calculations.

Turming next to FI1G. 12, a diagram 1s shown that 1llustrates
tables 1200 of traific measurement information (e.g., the traf-
fic measurements made or recetved by the downlink beam
measurement module 910 of FIG. 9). This information may
be generated from monitoring on a satellite (e.g., the satellite
105 of FIG. 1), and may be stored on the satellite as well. By
way of example, the resource manager (e.g., resource man-
ager 415-a of FI1G. 5) may monitor the queues. These tables
1200 may be based on other traific measurement techniques
performed, for example, on the satellite or at the NCC (e.g.,
NCC 140 of FIG. 1). In one embodiment, traffic measurement
information for each downlink beam 1s stored in a separate
table. In each column of the example tables, a traffic mea-
surement mnformation for the MCG 1205 of the relevant beam
1s stored. The tables list the mode 1210 (modcode) for the
respective MCGs, and then the measured information rate
(MIR) 1215 for each respective queue. These may be the
queues described with reference to FIG. 5 (i.e., the queues
may each be associated with a different traffic class). In one
embodiment, the MIR 1215 1s the measured information rate
tor the MCG 1215 of each queue, but the MIR 1215 could also

be estimated. There may be different MIR measures for dif-
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ferent queues (and, therefore, for different classes). For
example, for the queues with a tratfic class for voice, the
traffic flow may also include an accounting for queue
changes, queue size, and dropped packets. The MIR values
may be specified 1n bits/second, Kbits/second, or other met-
ric; they may also be converted to a measure of normalized
time-slots/epoch. The conversion may be based on the termi-
nal mode (e.g., channel s1ze, modulation, and coding) used to
carry the request. Those skilled in the art will recognize the
various ways 1n which the MIR bit rate values may be nor-
malized into time slots to ease calculations.

In FIG. 13, a diagram 1s shown that illustrates tables 1300
ol resource estimation information. This information may be
generated and formatted on a satellite (e.g., the satellite 105 of
FIG. 1). These tables 1300 may be based on the terminal
parameters and traffic measurements described with refer-
ence to FIGS. 9-12. In one embodiment, the resource esti-
mates are made foreach MCG, on each downlink beam. In the
illustrated embodiment, there is one table per beam (although
in other embodiments, the table may be consolidated). In each
column, an MCG 1303 15 listed, and the MinSR and CIR (e.g.,
from the received terminal parameter information) and the
MIR (e.g., from the trailic measurements) are listed for each
class 1310. In other embodiments, the table may include other
requested bandwidth, SLA, and terminal priority informa-
tion, and a number of other types of data may be imncluded and
used 1n estimating resources. The values may be specified in
bits/second, Kbits/second, or other metric; and may be a per
epoch or per n epochs measure.

As noted above, there may be anumber of bands (channels)
of different sizes to be allocated among a set of downlink
beams. For example, 1n one example there 1s a 120 MHz
channel, and time slots of this channel may be allocated to
MCGs 1 each epoch (in this embodiment, 640 ms). Each
epoch may be split into different time slices, or bursts; in one
embodiment, the time slices are 2 ms each. For a given sys-
tem, the satellite may be allocated a limited amount of down-
link spectrum (e.g., a number of frequency channels); par-
ticular channels (and time slots therein) may be allocated to
certain MCGs. Thus, while a rate may be used to specity
MinSR, CIR, and MIR, these rates may be converted to a
measure of normalized time-slots/epoch during bandwidth
allocation. The conversion may be based on the mode (e.g.,
channel size, modulation, and coding). Those skilled in the art
will recognize the various ways in which the bit rate values
may be normalized into time slots to ease calculations.

Therefore, the downlink DBRA resource allocation pro-
cess may be mitiated by generating and consolidating the
information set forth in FIGS. 9-13. A resource manager (e.g.,
resource manager 215 FIG. 2, 3, or 9) may recetve resource
estimation information and configuration information. The
resource manager may allocate a portion of the available
resources for use by each MCG for each beam. For each
MCG, the relevant beam may be identified. The resources
allocation may occur for a period of n epochs, as estimates for
MCGs may be somewhat stable over time (e.g., for epochs of

640 ms, n may equal 8, 10, 20, 50, or 100). First, the MinSR
may be allocated for the MCGs, then the CIR allocated for the
MCGs (the allocated MinSR and CIR may together make up
the GIR (guaranteed information rate). These allocations may
be by number of normalized time slots. After the GIR 1s
allocated, the remaining available bandwidth may be allo-
cated according to the AIR (allocated information rate),
which for example 1s the MIR. If, during the allocation of the
MinSR, CIR, or RIR, bandwidth available for allocation 1s
depleted, the allocation at the relevant level may be accom-
plished using certain fairness policies, set forth below.
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FIG. 14 1s a block diagram showing an system 1400 1llus-
trating an example of how a resource allocation module 215-¢
(e.g., the resource allocation module 215 of FIG. 2, 3, or 9)
may use various inputs to generate resource estimates and
dynamically allocate available resources. This system 1400

may be implemented 1n the satellite communications system
100 of F1G. 1 or, more specifically, in the NCC 140 of FIG. 1,

the DBRA control unit 125 of FIG. 1,4, or 5, or any combi-
nation thereof. However, some or all of the functionality of
these modules may be implemented 1n other devices or sets of
devices.

The system 1400 1ncludes a terminal parameter module
905-a, a downlink beam measurement module 910-a, a
resource allocation module 215-¢ (which may be the resource
allocation module 215 of FIG. 2, 3, or 9), and a resource
estimation datastore 915-a, which may each be 1n communi-
cation with each other. In this embodiment, the resource
allocation module 215-¢ includes a GIR allocation module
1405, AIR allocation module 1410, and a fairness policy
module 14135. These modules may, individually or collec-
tively, be implemented with one or more Application Specific
Integrated Circuits (ASICs) adapted to perform some or all of
the applicable functions 1n hardware. Alternatively, the func-
tions may be performed by one or more other processing units
(or cores), on one or more integrated circuits. In other
embodiments, other types of integrated circuits may be used
(e.g., Structured/Platform ASICs, Field Programmable Gate
Arrays (FPGAs), and other Semi-Custom I1Cs), which may be
programmed 1n any manner known 1n the art. The functions of
cach unit may also be implemented, 1n whole or 1n part, with
instructions embodied in a memory, formatted to be executed
by one or more general or application-specific processors.
The resource estimation datastore 9135-a includes a beam
estimation 1420 datastore, and MCG estimation 1425 datas-
tore, and a class estimation 1430 datastore. The resource
allocation output 920-q 1s illustrated, as well.

The terminal parameter module 905-a may be configured
to aggregate terminal parameter information to identity a
cumulative guaranteed rate for each of the beams (e.g., beams
150 of FIG. 1). The cumulative guaranteed downlink rate may
be a committed information rate, or may be a combination of
a minimum sustained rate and a commuitted information rate,
for the terminals (e.g., terminals 130 of FIG. 1) of each
respective beam. Some or all of the terminals may transmit
their terminal parameters to the satellite (e.g., satellite 105 of
FIG. 1), although this information may be gathered 1n other
ways, as well. The terminal parameter module 905-a may
have any of the other functionality described with reference to
the terminal parameter module 905 of FIG. 9.

The downlink beam measurement module 910-a may mea-
sure, or otherwise estimate, downlink data traffic directed to
cach beam. The traific measurements may, 1n some embodi-
ments, be recetved by the downlink beam measurement mod-
ule 910-a from another source. The downlink beam measure-
ment module 910-a may have any of the other functionality
described with reference to the downlink beam measurement
module 910 of FIG. 9.

The resource allocation module 215-¢ may receive the
terminal parameter information (from the terminal parameter
module 905-a) and the traffic measurements (from the down-
link beam measurement module 910-a). The GIR allocation
module 1405, AIR allocation module 1410, and a fairness
policy module 1413 therein may use recerved mformation to
estimate resources needed for each beam, and aggregate and
store the estimation information in the resource estimation
data store 915-a. The estimates may be made on a per-beam
basis, and the per-beam estimation may be stored in the beam
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estimation 1420 datastore. The estimates may be made on a
per-MCG basis (e.g., by a modulation and coding group esti-
mation module (not shown) 1n the resource allocation module
215-c¢), and per-MCG estimation may be stored 1n the MCG
estimation 1423 datastore. The estimates may be made on a
per-trailic class basis (e.g., for each beam, for each MCG, or
system wide). This traflic class estimation may be made by a
traific class estimation module (not shown) 1n the resource
allocation module 215-¢, and per-traific class estimation may
be stored in the class estimation 1430 datastore. The resource
estimation datastore 915-a may associate each of these met-
rics with MinSR, CIR, and MIR amounts (e.g., see the tables
1300 F1G. 13).

The resource allocation module 215-¢ may 1dentity an
amount of allocatable downlink resource units for a future
defined time duration. The resource allocation module 215-¢
may use the estimation to dynamically generate resource
allocation data 920 for the future defined time duration. More
specifically, the GIR allocation module 1405 may use the
estimates from the resource estimation datastore 915-a to
allocate a portion of allocatable downlink resource units
among each of the plurality of beams for the future defined
time duration. This allocation among beams may correspond
proportionally to the cumulative guaranteed downlink 1nfor-
mation rate for each beam.

The GIR allocation module 14035 may allocate, responsive
to the estimated downlink resource umit demand for each of
the modulation and coding groups 1n each respective beam,
the allocated resource units for each beam among the modu-
lation and coding groups for the future defined time duration.
The GIR allocation module 1405 may allocate, responsive to
the estimated downlink resource unit demand for each of the
traflic classes 1n each respective beam, the allocated resource
units for each beam among the traific classes for the future
defined time duration.

After the GIR allocation for the future time duration 1s
complete, the AIR allocation module 1410 may allocate
remaining portion of the allocatable downlink resource units
among each of the for the future defined time duration. This
allocation may proportionally correspond to the respective

excess measured rate for each beam. The AIR allocation
module 1410 may allocate, responsive to the estimated down-
link resource unit demand for each of the modulation and
coding groups in each respective beam, the remaining portion
ol allocated resource units for each beam among the modu-
lation and coding groups for the future defined time duration.
The AIR allocation module 1410 may allocate, responsive to
the estimated downlink resource unit demand for each of the
traffic classes 1n each respective beam, the allocated resource
units for each beam among the tratfic classes for the future
defined time duration.

The GIR allocation module 1405 and AIR allocation mod-
ule 1410 may, as the allocation process 1s proceeding, monitor
and determine whether a suificient amount of the allocatable
resource units remain to satisfy an allocation. If 1t 1s deter-
mined that there 1s not a suilicient amount of allocatable
resource units remaining to satisiy an allocation, the fairness
policy module 1415 may take over and allocate aremainder of
the allocatable resource units among the plurality of beams

according to a fairness policy.

FIG. 15 1s a flowchart illustrating a method 1500 of
resource allocation for downlink beams in a multi-beam sat-
ellite system, according to various embodiments of the mnven-
tion. The method 1500 may, for example, be performed by the

DBRA controlunit 125 of FIG. 1.4, or 5, the NCC 140 of FIG.
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1, or any combination thereof. The method may be performed
by the resource allocation module 215 of FIG. 2, 3, 9, or 14,
as well.

At block 1505, terminal parameter information i1s aggre-
gated to 1dentily a cumulative guaranteed downlink rate for
each of a number of beams. At block 1510, a measured rate 1s
identified for each of the beams for a past time duration. At
block 1515, an amount by which the measured rate exceeds
the guaranteed downlink rate 1s 1dentified for each beam, the
amount comprising an excess measured rate. At block 1520,
an amount of allocatable downlink resource units 1s identified
for a future defined time duration. At block 1525, a first
portion of allocatable downlink resource units 1s allocated
among each of the beams for the future defined time duration,
the allocation of the first portion proportionally correspond-
ing to the cumulative guaranteed downlink information rate
for each beam. At block 1530, after the first portion 1s allo-
cated, aremaiming second portion of the allocatable downlink
resource units 1s allocated among each of the beams for the
future defined time duration, the allocation of the second
portion proportionally corresponding to the respective excess
measured rate for each beam.

FIG. 16 1s a tlowchart 1llustrating a method 1600 of down-
link resource allocation over n epochs, and the manner 1n
which such resources may be distributed among MCGs. The
method 1600 may, for example, be performed by the DBRA
control unit 125 of FIG. 1, 4, or 5, the NCC 140 of FIG. 1, or
any combination thereof. The method may be performed by
the resource allocation module 215 of FIG. 2, 3, 9, or 14, as
well.

At block 1605, the amount of resource units to allocate 1s
identified. At block 1610, the MinSR (e.g., from the resource
estimate 1300 of FIG. 13) over the n epochs 1s allocated to
MCGs. Thus, the MinSR bandwidth for all MCGs may be
allocated. IT a determination at block 1615 1s made during
these allocations that there 1s insuificient bandwidth to allo-
cate the MinSR, the MinSR may be allocated according to
fairness policies 1643 (e.g., Proportional, Weighted Propor-
tional, Fair Share, or Weighted Fair Share, which will be
discussed 1n more detail below).

If resource units remain available for allocation, at block
1620, the CIR requests over the n epochs are allocated to the
MCGs. This CIR request may be the CIR request less the
previously allocated MinSR. The requested CIR bandwidth
for all MCGs may be allocated, but if a determination at block
1625 1s made that there 1s insuificient bandwidth to allocate
this CIR, the CIR may be allocated according to fairness
policies 1645. Note that the CIR requests may be done first,
instead of the MinSR requests, 1n some embodiments.

If resource units remain available for allocation, at block
1630, the MIR may be allocated to the MCGs. This MIR may
be the MIR less the previously allocated CIR and MinSR
(e.g., this may be the measured excess rate). The requested
MIR for all MCGs may be allocated. If a determination at
block 1635 1s made that there 1s 1nsuificient resources to
allocate to the MIR, the remaining resources may be allocated
according to fairness policies 1645. However, 1f it 1s deter-
mined that resources remain available at block 1635, the
remaining bandwidth may be allocated at block 1640.

The preceding discussion illustrates one example of how
downlink resources (or some other measure of capacity) over
n epochs may be dynamically allocated to particular MCGs 1n
amulti-beam system. Thus, the sum of the resources allocated
to each MCG for the n epochs may be equal to the total
bandwidth to be allocated over the n epochs (although 1n other
embodiments, there may be an error margin). Thus, there may
be a dynamic allocation of a finite resource (bandwidth) to
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downlink beams 1n a multi-beam system. This downlink allo-
cation may be adaptive to changing traific demands, mobile
terminals moving 1n and out of beams, and weather 1ssues
(which may require more bandwidth to transmit the same
amount of data). The allocation may be responsive to requests
and account for terminal and class priority and the character-
1stics of the tratfic. While the allocation 1s discussed as occur-
ring over every n epochs, n may vary (occurring more regu-
larly when capacity increases, and less frequently when
capacity 1s plentiful).

While the above discussion 1dentifies some embodiments,
it 1s worth noting that there are a number of alternative
options, as well. For example, traffic classes may be consid-
ered as well. For example, the class 1 traffic may be allocated
for MinSR, CIR, and then RIR; the class 2 traific may be
allocated 1n prionty order for MinSR, CIR, and then RIR; up
to the class n traffic allocated for MinSR, CIR, and then RIR.
In another example, the class 1 traffic may be allocated for
MinSR, and then for CIR; the class 2 traific may be allocated
tor MinSR, and then for CIR; up to the class n traffic allocated
for MinSR and then CIR; then the MIR traffic may be allo-
cated 1n priority order without accounting for classes. It 1s
worth noting that may be more, or fewer, traffic classes. It 1s
also worth noting that the MinSR, CIR, and MIR are merely
examples, and these traffic request categorizations may be
expanded, narrowed, or otherwise refined.

As noted, there are anumber of policy options (1.e., fairness
policies) for resource sharing when available resources are
insuificient to meet aggregate MinSR, CIR, or MIR requests.
In some embodiments, a sharing policy provides priority or
weilghted allocations to the certain classes (e.g., the GS or
voice class). Allocations may also be 1n proportion to the CIR
requests for one or more classes at one or more terminals. For
traffic 1n excess of CIR, there may be a different allocation
scheme. A number of other possible policies may be used 1n
various embodiments, and such policies may be dynamically
or more permanently configurable.

When resources are insullicient to meet aggregate MinSR,
CIR, or MIR requests, there are a number of ways the avail-
able resources may be distributed. In one embodiment, one of
the following policies may be selected depending on when 1n
the process there are insuflicient resources: 1) A Proportional
policy may distribute insuilicient resources 1n a same percent-
age ol a requested amount across a set of beams, MCGs, or
classes; 2) A Weighted Proportional policy may distribute
insuificient resources 1 two or more different percentages
across a set of beams, MCGs, or classes (e.g., MCGs for voice
or other preferred classes may receive a greater percentage,
but the percentage amount may be the same for each class); 3)
A Fair Share policy may distribute insuilicient resources 1n a
same amount across a set of beams, MCGs, classes, or termi-
nals, while ensuring that no allocation 1s more than requested;
4) A Weighted Fair Share policy may distribute mnsufficient
resources 1n two or more same amounts across a set of beams,
MCGs, classes, or terminals, while ensuring that no alloca-
tion 1s more than requested. Other policies may be used, such
as a policy that when all requests have been filled and there 1s
an extra share to be allocated, a set fraction may be distributed
equally among groups.

FI1G. 17 1s a flowchart 1llustrating a method 1700 of down-
link resource allocation over n epochs, and the manner 1n
which such resources may be distributed among MCGs. The
method 1700 may, for example, be performed by the DBRA
control unit 125 of FIG. 1, 4, or 5, the NCC 140 of FIG. 1, or
any combination thereof. The method may be performed by
the resource allocation module 215 of FIG. 2, 3, 9, or 14, as
well.
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At block 1705, terminal parameter information 1s recerved
from terminals 1n each of a number of beams. At block 1710,
the terminal parameter information 1s aggregated to identily a
cumulative guaranteed downlink rate for each of the beams.
At block 1715, a downlink rate 1s measured for each of the
beams for a past time duration. At block 1720, the measured
downlink rate 1s 1dentified for each beam. At block 1725, an
amount for each beam 1s i1dentified by which the measured
downlink rate exceeds the guaranteed downlink rate, the
amount comprising an excess measured rate.

At block 1730, an amount of allocatable downlink resource
units 1s 1dentified for a future defined time duration. At block
1735, a first portion of allocatable downlink resource units 1s
allocated among each of the beams for the future defined time
duration, the allocation of the first portion proportionally
corresponding to the cumulative guaranteed downlink infor-
mation rate for each beam. At block 1740, a second portion of
the allocatable downlink resource units 1s allocated among,
cach ol the beams for the future defined time duration after the
first portion 1s allocated, the allocation of the second portion
proportionally corresponding to the respective excess mea-
sured rate for each beam. At block 17435, a third portion of the
allocatable downlink resource units 1s allocated among each
of the beams for the future defined time duration according to
a fairness policy after the second portion 1s allocated.

I1I. Modulator Assignment and Balancing:

As discussed above, a satellite 105 may have a number of
modem units 115, as 1llustrated in FIG. 1 or 5. Fach modem
umt 115 may have a single modulator that 1s shared among a
number of downlink beams 150, with each beam served by
only a selected one of the modulators. In one embodiment, a
modulator 1s characterized as a module that outputs a wave-
form for one carrier at any given time period (similarly, a
demodulator may be characterized as a module that receives
a wavelorm for one carrier at any given time period). The
tollowing discussion will be directed to a modulator, and an
assumption may be made that there 1s one modulator (and one
demodulator) per modem unit 115 (note that in other embodi-
ments there may be more than one modulator or demodulator
per modem unit 115, there may be different numbers of
modulators and demodulators in a given modem unit 115,
and/or modulators and demodulators 1n a given modem unit
115 may serve different beams). In the described embodi-
ment, each downlink beam 150 1s assigned to a modulator; in
other embodiments, MCGs within a beam may be assigned to
different modulators. The modem units 115 (and, thus, the
modulators) may be managed by the DBRA control unit 1235
of F1G. 1,4, or 5.

Consider an example where there are 25 downlink beams,
and 8 modulators on a satellite; such a system may be 1mple-
mented 1n the system 100 of FIG. 1. In such a system using
TDMA, modulators are a finite resource, as the satellite 105
may be transmitting on the downlink at any given point in
time on only eight beams (as there are only eight modulators).
Therefore, the proper balancing for the modulators may take
on increased importance, particularly as available downlink
bandwidth becomes capacity constrained.

Turning to FIG. 18, a block diagram 1illustrates an example
configuration 1800 to implement the modulator assignment
and balancing process. This configuration 1800 may be
implemented 1n the system 100 of FIG. 1 or, more specifi-
cally, in the NCC 140 of FIG. 1, the DBRA control unit 125
of FIG. 1.4, or 5, or any combination thereof. The configura-
tion may be implemented in the resource allocation module
21501 FIG. 2,3, 9, or 14, as well. However, some or all of the
functionality of the modules may be implemented 1n other
devices or sets of devices.
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The configuration 1800 includes a monitoring module
1805, rebalancing evaluation module 1810, and selection
module 1815, which may each be 1n communication with
cach other. These modules may, individually or collectively,
be implemented with one or more Application Specific Inte-
grated Circuits (ASICs) adapted to perform some or all of the
applicable functions 1n hardware. Alternatively, the functions
may be performed by one or more other processing units (or
cores), on one or more integrated circuits. In other embodi-
ments, other types of integrated circuits may be used (e.g.,
Structured/Platform  ASICs, Field Programmable Gate
Arrays (FPGAs), and other Semi-Custom ICs), which may be
programmed 1n any manner known 1n the art. The functions of
cach unit may also be implemented, 1n whole or in part, with
instructions embodied in a memory, formatted to be executed
by one or more general or application-specific processors.

A current assignment of MCGs (and, therefore, beams) to
modulators may be used as a starting point in balancing and
assigning beams to modulators. Upon system startup, there
may be a default assignment, for example, made with the
DBRA control unit 125 of FIG. 1,4, or 5. The rebalancing
process may be 1nitiated by 1dentifying the current resource
allocation for a set of MCGs over n epochs (note that a
per-beam resource allocation may be used as well, but MCG
allocation will be used 1n this example). There may, 1n the
alternative, be any number of ways to identily a starting
MCG-modulator (or beam-modulator) assignment and 1ni-
tiate a balancing process.

The momitoring module 1805 may receive the current
assignment and resource allocation information. The moni-
toring module 1805 may monitor a traffic load on one or more
of the modulators on the satellite. This monitoring may take a
number of forms. For 31 example, the monitoring module
1805 may measure data tratfic on each of the beams for each
modulator over a past time period, and the monitored traific
load may simply be the measured data traffic. In another
example, the committed 1information rate for data traific on
cach of the beams served by the modulator may be aggre-
gated, and the monitored traific load may be the aggregated
committed information rate. The monitoring module 1805
may determine that the traific load exceeds a load threshold
on a given modulator (e.g., loaded over a certain threshold
that 1s below capacity by 10% or 15%), and because of this
determination, beam re-assignment and balancing may be
initiated.

The rebalancing evaluation module 1810 may evaluate
whether one or more of the beams serving the overloaded
modulator may be moved to a second modulator while main-
taining a traific load on the second modulator below a load
threshold for the second modulator. The selection module
1815 may select a beam to be assigned to the second modu-
lator.

The rebalancing evaluation module 1810 may include a
comparator to 1identily an optimal beam to be moved and a
second modulator. This 1dentification may be made by deter-
mimng that a combined traffic load metric on the overloaded
modulator and the second modulator after moving the
selected beam to the second modulator 1s lower than a com-
bined traflic load metric from moving any other beams from
the overloaded modulator to the second modulator. Alterna-
tively, a determination may be made that a combined traific
load metric on the overloaded modulator and the second
modulator after moving the selected beam to the second
modulator 1s lower than a combined traffic load metric from
moving the other beams to any of the other modulators. In
another example, a determination may be made that a com-
bined traific load metric on the overloaded modulator and the
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second modulator after moving the selected beam to the sec-
ond modulator 1s lower than a combined traffic load metric
from moving the selected beam to any of the other modula-
tors. The rebalancing evaluation module 1810 may include
functionality to evaluate switching (e.g., selecting beams
serving the second modulator to be switched to the over-
loaded (or another) modulator to maintain the traffic load on
the second modulator below a load threshold for the second
modulator.) Thus, while 1n some embodiments beams may
simply be moved to achieve rebalancing, 1n other embodi-
ments a number of beams may be concurrently switched
between modulators.

There are, therefore, a number of alternative options avail-
able to achieve beam assignment rebalancing. In one embodi-
ment, each modulator that 1s overloaded (or loaded above a
grven threshold) 1s identified by the monitoring module 1805.
For each beam currently assigned to the identified modulator,
the rebalancing evaluation module 1810 may then compute
the reduced load (L1, based on MIR) 11 the beam were to be
removed. The rebalancing evaluation module 1810 may then
compute the increased load (L2, based on MIR) i1 that beam
were to be added to the non-identified modulators. If the
max(L.1, L2) for one of the [ beam, mod] tuples results 1n both
modulators falling below the threshold load, a beam may be
moved. If the max(LL1, L2) for more than one of the [beam,
mod] tuples results 1n both modulators falling below the
threshold load, the beam move that results in the lowest value
ofmax(LL1,L2)may be made. However, 1fno max(LL1,L2) for
the [beam, mod] tuples results in both modulators falling
below the threshold load, additional calculations may be
made. For example, for each beam currently assigned to the
identified modulator, the rebalancing evaluation module 1810
may compute the reduced load (L1', based on min(CIR,
MIR)) 11 the beam were to be removed. The rebalancing
evaluation module 1810 may compute the increased load
(L2', based on min(CIR, MIR)) 1f that beam were to be added
to the non-1dentified modulators. If the max(LL1", L.2") for one
of the [beam, mod] tuples results in both modulators falling
below a certain load, a beam may be moved. If the max(LL1",
[.2") for more than one of the [beam, mod] tuples results 1n
both modulators falling below a certain load, the beam move
that results in the lowest value of max(LL1', L2') may be
selected.

It 1s worth noting that the preceding description of modu-
lator rebalancing may be modified in other embodiments. For
example, various calculations for switching a beam assigned
to a first modulator and a beam assigned to a second modu-
lator may be employed. Also, calculations for switching sets
of beams, or switching beams assigned to more than two
modulators, may also be used. In other embodiments, instead
of assigning beams to modulators, MCGs from the same
beam may be assigned to different modulators. The switching
functionality may, therefore, be performed based on MCG
movement or switching instead of beam movement or switch-
ng.

Turning to FI1G. 19, a block diagram 1illustrates an example
system 1900 to implement the modulator assignment and

balancing process. This system 1900 may be implemented in
the system 100 of FIG. 1 or, more specifically, inthe NCC 140

of F1G. 1, the DBRA control unit 125 of FI1G. 1,4, or 5, or any
combination thereof. The system 1900 may be implemented
in the resource allocation module 215 of FIG. 2, 3,9, or 14, as
well. The system may be the configuration 1800 of FIG. 18.
Some or all of the functionality of the modules may be imple-
mented 1n other devices or sets of devices. The system may be
distributed geographically, or may be implemented 1n a single

device 1950.
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The system 1900 includes a monitoring module 1805-q, a
rebalancing evaluation module 1810-a, a selection module
1815, and a switching module 1925, which may each be 1n
communication with each other. The monitoring module
1805-a includes a number of modulator monitoring 1905
modules (one per modulator). The rebalancing evaluation
module 1810-a includes modulator load composition 1910
modules (one per modulator), an AIR comparator 1915, and a
GIR comparator 1920. These modules may, individually or
collectively, be implemented with one or more Application
Specific Integrated Circuits (ASICs) adapted to perform
some or all of the applicable functions in hardware. Alterna-
tively, the functions may be performed by one or more other
processing units (or cores), on one or more integrated circuits.
In other embodiments, other types of integrated circuits may
be used (e.g., Structured/Platform ASICs, Field Program-
mable Gate Arrays (FPGAs), and other Semi-Custom ICs),
which may be programmed 1n any manner known in the art.
The functions of each unit may also be implemented, 1n whole
or 1n part, with instructions embodied 1n a memory, formatted
to be executed by one or more general or application-specific
Processors.

The per-modulator monitoring 1905 modules 1n the moni-
toring module 1805-a may receive the current assignment and
resource allocation information. Each modulator monitoring,
1905 module may monitor a traific load on one of the modu-
lators on the satellite. The per-modulator monitoring 1905
module may determine that the traffic load exceeds a load
threshold (e.g., comparing a load threshold to measured data
traffic over a past time duration, or comparing a load thresh-
old to a committed information rate for the modulator).

Each modulator load composition 1910 module may iden-
tify traific load components of the modulator (e.g., on a per-
beam or a per-MCG basis). Thus, a portion of the traffic load
for each modulator may be associated with a beam or an
MCG. Going forward with reference to FIG. 19, reference
will be made to beams (not MCGs), while noting that 1n some
embodiments selection and switching may instead be done on
a per-MCG basis. The modulator load composition 1910
modules may each maintain information on the measured
traific load (for use with the AIR comparator 1915) and on the
committed information rate (for use with the GIR comparator
1920).

The AIR comparator 1915 may use a measured tratfic load
component information to identify one or more beams that
may be moved from the overloaded modulator to a second
modulator to maintain a measured traific load on the second
modulator below a load threshold for the second modulator.
The AIR comparator 19135 may use the measured tratfic load
composition for each modulator, and compare the movement
options to 1dentily options for beam redistribution. A deter-
mination may be made regarding which reassignments (e.g.,
movement of one beam, or switching of beams) result in
having a combined load on the modulators being furthest
below a threshold. The AIR comparator 1915 may make
assessments for both single beam movement and multiple
beam switching.

In one embodiment, the AIR comparator 1915 may deter-
mine that none of the beams of the overloaded modulator may
be moved to a second modulator while maintaining a mea-
sured tratlic load on a second modulator below a load thresh-
old. If so, a GIR comparator 1920 may 1dentity beams of the
overloaded modulator that may be moved to the second
modulator while maintaining a committed information rate
on the second modulator below a load threshold for the sec-
ond modulator. Again, a single beam may be switched to a
new modulator, or a number of beams may be switched. The

10

15

20

25

30

35

40

45

50

55

60

65

26

threshold for the GIR comparator 1920 assessments may be
the same, or different, than the threshold for the AIR com-
parator 19135 assessments.

Based on results from the AIR comparator 1915 and/or the
GIR comparator 1920, the selection module 1815 may select
a beam to be moved from the overloaded modulator to the
second modulator. The selection module 1815 may 1dentily
one or more beams serving the second modulator that may be
moved to the overloaded modulator to maintain the traffic
load on the second modulator below a load threshold for the
second modulator. A switching module 1925 may assign a
selected beam from the first modulator to the second modu-
lator. If there are multiple beams selected for assignment, the
switching module 19235 may switch the beams concurrently.

An example of tables 2000 which may be used to match
beams (or MCGs) to modulators 1s shown 1n FIG. 20. A first
table 2000-a shows the modulator assignments before arebal-
ancing, and the second table 2000-5 shows the rebalanced
modulator assignments thereafter. The tables 2000 include a
column 1dentifying the MCG 2005 for each respective row,
the assigned beam 2010, the tratfic load 2015, and the modu-
lator assignment 2020. The tables 2000 1illustrate how new
modulator assignments 2020-5 may change over time.

FIG. 21 1s a flowchart illustrating a method 2100 of beam
identification according to various embodiments of the mnven-
tion. The method 2100 may, for example, be performed by the
DBRA control unit 125 of FI1G. 1.4, or 5, the NCC 140 of FIG.
1, or any combination thereof. The method may be performed
by the configuration 1800 of FIG. 18, or the system 1900 of
FIG. 19.

At block 2105, a traffic load 1s monitored on a first modu-
lator of a number of modulators on a satellite, the modulator
serving a number of beams. At block 2110, a determination 1s
made that the traific load exceeds a load threshold for the first
modulator. At block 21135, one or more of the beams serving
the first modulator are identified that maybe moved to a
second modulator of the plurality of modulators while main-
taining a tratfic load on the second modulator below a load
threshold for the second modulator. This identification 1s
made 1n response to the determination that the traffic load
exceeds the load threshold.

FIG. 22 1s a flowchart illustrating a method 2200 of modu-
lator rebalancing according to various embodiments of the
invention. The method 2200 may, for example, be performed
by the DBRA control unit 125 of FI1G. 1,4, or 5, the Nee 140
of FIG. 1, or any combination thereof. The method may be
performed by the configuration 1800 of FIG. 18, or the system
1900 of FIG. 19.

At block 2205, a trathic load 1s monitored on a first modu-
lator of a number of modulators on a satellite, the modulator
serving a number of beams. At block 2210, a determination 1s
made that the traffic load exceeds a load threshold for the first
modulator. At block 2215, a determination 1s made whether
one or more of the beams serving the first modulator may be
moved to a second modulator of the plurality of modulators
while maintaining a traific load on the second modulator
below a load threshold for the second modulator. This step 1s
performed in response to the determination that the traffic
load on the first modulator exceeds the load threshold. At
block 2220, beam assignments are rebalanced for at least a
subset of the modulators.

FI1G. 23 1s a flowchart illustrating a method 2300 of modu-
lator assignment and rebalancing over n epochs. The method
2300 may, for example, be performed by the DBRA control
umt 125 of FIG. 1.4, or 5, the Nee 140 of FIG. 1, or any
combination thereof. The method may be performed by the
configuration 1800 of F1G. 18, or the system 1900 of FI1G. 19.
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Moreover, the resource allocation module 215 of FIG. 2, 3,9,
or 14 may perform such assignment and rebalancing.

At block 2305, the current MeG-modulator assignments
are 1dentified. At block 2310, the resources allocated to each
MeG are 1dentified. At block 2315, the load on each modula-
tor (based on current assignments and resource allocations) 1s
evaluated. If a determination at block 2320 indicates that none
of the modulators are loaded beyond a selected threshold, the
current MCG-modulator assignments may be maintained at
block 2325.

If, however, a determination at block 2320 indicates that
one or more of the modulators are loaded beyond the selected
threshold, a rebalancing may be mitiated. At block 2330, for
cach beam at the overloaded modulator(s), the load at the
overloaded modulator 1s computed to determine the load 1f
the beam was removed. At block 2335, for each beam at the
overloaded modulator(s), the load at each non-overloaded
modulator 1s computed to determine the load 11 the beam was
added. At block 2340, a determination 1s made as to whether
movement of one or more beams may result 1n having no
modulators over the selected threshold load. If so, at block
2345, the beam or beams are moved that will result in the new
loads at the affected modulators being furthest below the
threshold. However, 1if movement of the beams will not bring,
all the modulators below the load threshold, the load on the
modulators may be reevaluated 1n light of the GIR allocations
at block 2350. Beams may then be reassigned based on the
GIR (instead of MIR) calculations. While 1in the described
embodiment, the determination 1s made on a per-beam basis,
the determination may, 1n other embodiments, be made on a
per-MCG basis. Thus, 1n some cases, MCGs for a beam may
be distributed among modulators to achieve rebalancing.

FIG. 24 1s a flowchart illustrating an alternative method
2400 of modulator rebalancing according to various embodi-
ments of the invention. The method 2400 may, for example,

be performed by the DBRA control unit 125 o1 FI1G. 1,4, or 5,
the NCC 140 of FIG. 1, or any combination thereof. The
method may also be performed by the configuration 1800 of
FIG. 18, or the system 1900 of FIG. 19.

At block 2405, an MIR traffic load 1s monitored on a first
modulator of a number of modulators on a satellite over a
defined past time duration, the modulator serving a number of
beams. At block 2410, a determination 1s made that this past
traffic load exceeds an AIR load threshold for the first modu-
lator for a future time duration. At block 2415, an evaluation
1s made, responsive to the determination that the MIR traflic
load exceeds the load threshold, whether one or more of the
beams serving the first modulator may be moved to a second
modulator while maintaining a traific load on the second
modulator below an AIR load threshold for the second modu-
lator.

At block 2420, a determination 1s made that no beams
assigned to the first modulator may be moved while main-
taining a traffic load on the second modulator below an AIR
load threshold for the second modulator. At block 2425, GIR
traffic load 1s 1dentified on the first modulator. At block 2430,
one or more of the beams serving the first modulator 1s 1den-
tified that may be moved to a second modulator while main-
taining a traflic load on the second modulator below a GIR
load threshold for the second modulator. At block 2435, the
beam that will result in the affected modulators being furthest

below the GIR load threshold 1s selected. At block 2440, the
selected beam 1s switched.
IV. Frequency Channel/Time Slot Assignment to MCGs:
Once all or a portion of the available resource units have
been allocated to each MCG, particular ranges of frequencies
(referred to above as channels) may be allocated to particular
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MCGs (or beams). This process may be referred to as ire-
quency channel assignment. Time slots may also be assigned
to MCGs 1n a coordinated process. In some embodiments, the
modulator assignments to each MCG (or to beams) are made
in advance of the frequency channel and time slot assign-
ments. The downlink frequency and time slots may be
assigned to particular beams or MCGs every n epochs,
although 1n some embodiments, the frequency and time slot
assignments may be made less often than the bandwidth
allocation (e.g., every epoch or every frame). The timing for
the frequency channel and time slot assignments may vary.
For example, when resource allocation 1s more stable, the
frequency and time slot assignment intervals could be length-
ened or the process suspended until there 1s a change 1n
resource allocation that exceeds a threshold.

In some embodiments, there are two 320 MHz channels
and four 160 MHz channels to be allocated to MCGs or beams
(e.g., over a frame or epoch). In one embodiment, the chan-
nels are allocated to MCGs or beams using a 3-color reuse
pattern constraint; in another embodiment, the channels are
allocated to beams using a 4-color reuse pattern constraint. In
still other embodiments, there may be more or fewer chan-
nels, and other reuse patterns. Regardless, the frequencies and
time slots may be assigned dynamically 1n response to there
sources allocated to each beam or MCG. Many of the follow-
ing examples assume smaller numbers of channels, beams,
and modulators. It 1s worth noting, however, that the
examples are used to 1llustrate aspects of the mvention, and
should not be iterpreted as limiting the number of channels,
beams, or modulators.

Turming to FI1G. 235, a block diagram 1llustrates an example
configuration 2500 to implement the modulator assignment
and balancing process. This configuration 2500 may be
implemented 1n the system 100 of FIG. 1 or, more specifi-
cally, in the NCC 140 of FIG. 1, the DBRA control unit 125
of FIG. 1.4, or 5, or any combination thereof. The configura-
tion 2500 may be implemented in the resource allocation
module 215 of FIG. 2, 3, 9, or 14, as well. However, some or
all of the functionality of the modules may be implemented 1n
other devices or sets of devices.

The configuration 2500 includes a frequency channel eli-
gibility module 2505, a resource estimation module 2510,
and a frequency channel assignment module 2515, which
may each be 1n communication with each other. These mod-
ules may, individually or collectively, be implemented with
one or more Application Specific Integrated Circuits (ASICs)
adapted to perform some or all of the applicable functions 1n
hardware. Alternatively, the functions may be performed by
one or more other processing units (or cores ), on one or more
integrated circuits. In other embodiments, other types of inte-
grated circuits may be used (e.g., Structured/Platiform ASICs,
Field Programmable Gate Arrays (FPGAs), and other Semi-
Custom ICs), which may be programmed 1n any manner
known 1n the art. The functions of each unit may also be
implemented, in whole or 1n part, with mstructions embodied
in a memory, formatted to be executed by one or more general
or application-specific processors.

The frequency channel eligibility module 2505 may be
configured to i1dentity and monitor the number of eligible
downlink frequency channels for each of a number of the
MCGs. The eligibility may be based on frequency channel
reuse constraints, and on whether certain frequency channel
s1zes support underlying modulation and coding formats. The
resource estimation module 2510 may estimate downlink
resource unit demand for each of MCGs. This may be based
on a cumulative guaranteed downlink rate for each MCG,
and/or a measured information for a past time period.
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The frequency channel assignment module 2515 may
select a particular MCG from the group of MCGs for fre-
quency channel assignment. The selection may be undertaken
in an order corresponding to the number of eligible downlink
frequency channels and the estimated downlink resource unit
demand for the MCGs. The frequency channel assignment
module 2515 may then assign a frequency channel and time
slot to each selected MCG.

Referring to FIG. 26, a block diagram 1illustrates an
example system 2600 to implement the frequency channel
and time slot assignment process. This system 2600 may be
implemented 1n the system 100 of FIG. 1 or, more specifi-
cally, in the NCC 140 of FIG. 1, the DBRA control unit 125
of FIG. 1,4, or 5, or any combination thereof. The system
2600 may be implemented 1n the resource allocation module
21501FI1G. 2,3,9,0r 14, as well. The system 2600 may be the
configuration 2500 of FIG. 25. However, some or all of the
functionality of the modules may be implemented in other
devices or sets of devices.

The system 2600 again includes a frequency channel eli-
gibility module 25035-4, a resource estimation module 251
O-a, and a frequency channel assignment module 23515-q,
which may each be 1n communication with each other. The
frequency channel eligibility module 2505-a includes a per-
MCG frequency channel quantity eligibility module 2605,
and a per-MCG {frequency channel size eligibility module
2610. The resource estimation module 2510-a includes a
per-MCG GIR allocation module 2615 and a per-MCG AIR
allocation module 2620. The frequency channel assignment
module 2515-a includes an MCG selection module 2625, a
frequency channel selection module 2630, and a frequency
channel time slot assignment module 2635. These modules
may, individually or collectively, be implemented with one or
more Application Specific Integrated Circuits (ASICs)
adapted to perform some or all of the applicable functions 1n
hardware. Alternatively, the functions may be performed by
one or more other processing units (or cores ), on one or more
integrated circuits. In other embodiments, other types of inte-
grated circuits may be used (e.g., Structured/Platiform ASICs,
Field Programmable Gate Arrays (FPGAs), and other Semi-
Custom ICs), which may be programmed in any manner
known 1n the art. The functions of each unit may also be
implemented, in whole or 1n part, with instructions embodied
in a memory, formatted to be executed by one or more general
or application-specific processors.

The frequency channel eligibility module 2505 may be
configured to 1dentily and monitor the number of eligible
downlink frequency channels for each of a number of MCGs.
More specifically, the per-MCG frequency channel quantity
cligibility module 2605 may determine, for each MCG, the
quantity of eligible downlink frequency channels. The per
MCG frequency channel size eligibility module 2610 may
determine, for each MCG, the number of different eligible
downlink frequency channel sizes. The eligibility may be
based on frequency channel reuse constraints, and on whether
certain frequency channel sizes support underlying modula-
tion and coding formats.

The resource estimation module 2510 may monitor, esti-
mate, and update downlink resource unit demand for each of
the MCGs. More specifically, the per-MCG GIR allocation
module 2615 may estimate downlink resource unit demand
by i1dentifying a cumulative guaranteed downlink rate for
cach of the MCGs. The per-MCG AIR allocation module
2620 may estimate downlink resource unit demand by 1den-
tifying a measured downlink traflic rate 1mn excess of the
cumulative guaranteed downlink rate for each of the MCGs
for a past defined time period. In one embodiment, the overall
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demand may be estimated by measuring a downlink tratfic
load for each of the MCGs for a past defined time period.

The frequency channel assignment module 2515 may
select a particular MCG from the group of MCGs for ire-
quency channel assignment. The selection may be undertaken
in an order corresponding to the number and size options of
cligible downlink frequency channels (e.g., favoring the
MCGs that have fewer total frequency channels and/or size
options available). The selection may also or alternatively be
undertaken 1n an order corresponding to the estimated down-
link resource unit demand for the MCGs.

In one example, the MCG selection module 2625 selects a
set of MCGs that have a guaranteed downlink rate allocation
remaining to be assigned. The MCG selection module 2625
selects an MCG from that group that has the fewest number
and/or size options of eligible downlink frequency channels.
The MCG selection module 2625 continues this selection
process until all of the guaranteed downlink rate allocation 1s
assigned. The MCG selection module 2625 may then con-
tinue the selection process for the measured downlink traffic
rate 1n excess of the cumulative guaranteed downlink rate for
cach of the MCGs.

With each MCG selected, the frequency channel selection
module 2630 may identily one or more frequency channels
for each selected MCG, and the frequency channel time slot
assignment module 2635 may assign time slots time slots
within the selected frequency channel to the MCG. In one
example, the cumulative guaranteed downlink rate for each
selected MCG 1s assigned frequency channel time slots. After
the assignment for the cumulative guaranteed downlink rate
1s performed, the assignment of frequency channel timeslots
for MCGs 1s undertaken to fulfill the measured downlink
traffic rate 1n excess of the cumulative guaranteed downlink
rate.

For each selected MCG, frequency channel selection mod-
ule 2630 may 1dentily the frequency channel for assignment
by 1dentifying an eligible frequency channel with a largest
time allocation remaining among eligible frequency chan-
nels. Also or alternatively, the frequency channel selection
module 2630 may 1dentily the frequency channel for assign-
ment by identifying an eligible frequency channel with fewer
modulation and coding group assignments than other eligible
frequency channels.

Turning to FIG. 27, a block diagram 2700 illustrates an
example process for assigning frequency channels and time
slots to beams or MCGs. This process may be initiated by
identifying the resource allocation for a set of MCGs over n
epochs, as set forth 1n FIG. 20 (note that a per-beam resource
allocation may be used as well, but MCG allocation will be
used in this example). Information on modulator assignment
to MCGs may also be used as an iput. A table 270S (which
may be table 2000 of FI1G. 20) illustrating an example of such
a resource allocation and modulator assignment 1s shown 1n
FIG. 27.

The resource allocation module 21S-d (which may be the
resource allocation module 21S of FIG. 2, 3, 9, or 14) may
receive the allocation and modulator assignment table S
270S. The resource allocation module 21S-d may then initiate
the process, assigning the GIR allocations first, and then the
remaining AIR. A first MCG may be selected, and the whole
GIR for the selected MCG may be assigned to a frequency
channel and series of time slots. This process may be repeated
for each of the MCGs for their respective GIR allocations.
Once the GIR allocations have been assigned, the remaining
AIR for each of the MCGs may be assigned time slots. The
resource allocation module 215-d may determine the order of
GIR allocations by looking at a number of factors, including:
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the frequency channels available for assignment to an MCG,
and the GIR that 1s left to be allocated at each MCG. When
there 1s more than one frequency channel, each of the avail-
able frequency channels may be evaluated for the best time
slot fit. Time slots may be identified to ensure that a IS
modulator 1s not serving different MCGs during the same
time period.

Upon frequency and time slot assignment, the resource
allocation module 215-d may output a table 2710 which
includes the assignments. This table 2710 includes a column
identifying the MCG 2710-a for each respective row, the
assigned beam 2710-b, the assigned frequency 2710-c¢ for the
MCG, and the time slot assignment 2710-d for the respective
MCQG.

An example of such a frequency channel and time slot
assignment will now be disclosed using FIGS. 28 and 29. The
assignment process may, for example, be performed by the
DBRA controlunit 12S of FIG. 1,4, or S, the NCC 140 of FIG.
1, or any combination thereof. The method may also be per-
formed by the configuration 2500 of FIG. 28, or the system
2600 of FIG. 26. FIG. 28 illustrates an example beam layout
2800 for a four beam 2S system. Beam 1 280S-a 1s adjacent to
beam 2 280S-b, beam 3 280S-c, and beam 4 2805-d; beam 4
1s similarly adjacent to the other 3 beams. Beam 2 280S-b 1s
adjacent to beam 1 280S-a and beam 4 2805-d, and not beam
3 280S-c. Beam 3 280S5-c 1s adjacent to beam 1 280S-a and
beam 4 2805-d, and not beam 2 280S-b.

FIG. 29 illustrates certain parameters 2900 of an example
satellite communications system that may be used with the
layout 2800 of FIG. 28. The following assignment progres-
sion 1llustrates how aspects described above may be imple-
mented 1n a simplified system, and are for purposes of
example only. The parameters specily a three-color system,
with a first frequency 2910-a (11, 80 MHz), a second 1re-
quency 2910-b (£2, 40 MHz), and a third frequency 2910-c
(13, 40 MHz).

FI1G. 29 also illustrates a table 2945, including a row for
cach MCG 2925. The table 2945 specifies the modulator 29135
and beam 2920 assignments for each MCG. The table 29435
specifies the frequency channels 2930 allowed for assignment
for each MCG. The GIR 2935 allocation and the AIR 2940
allocation (1n excess of the GIR) are listed for each MCG. A
time slot and frequency diagram shows how frequencies and
time slots may be selected; time 1s 1llustrated across the x-axis
2955 (earlier 1s to the left, later 1s to the right), while y-axis
2960 corresponds the time slot assignment to each respective
MCG. The fill pattern of each time slot indicates the fre-
quency selected, and the number indicates the order of assign-
ment.

Turning now to an overview of the frequency and time slot
assignment process (while noting that this 1s for purposes of
example only), the GIR allocations will be addressed first.
MCG41 recerves the first frequency and time slot assignment,
because 1) 1t 1s limited to 11, 2) it has the most GIR to allocate
of the four MCGs limited to 11. MCG41 1s assigned 11, and
given the earliest time slot. MCG21 receives the next fre-
quency and time slot assignment, because 1)1t1s limited to 11,

2) 1t has the most GIR to allocate of the three remaining
MCGs limited to 1. MCG21 1s assigned 11, and given the

carliest time slot after MCG41 (because MCG21 and MCG41
use 11 and are 1n adjacent beams, time slots cannot overlap).
MCG11 recerves the next frequency and time slot assign-
ment, because 1) 1t 1s limited to 11, 2) 1t has the most GIR to
allocate of the two remaining MCGs limited to 1. MCG 11 1s
assigned 11, and given the earliest time slot after MCG21
(because MCG 11, MCG21, and MCG41 use 11 and are 1n

adjacent beams, time slots cannot overlap). MCG31 receives
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the next frequency and time slot assignment, because 1) 1t 1s
limited to 11. MCG31 1s assigned 11, and given the earliest
time slot after MCG 11 (because MCG 11 and MCG31 use 11
and are 1n adjacent beams, time slots cannot overlap; how-
ever, MCG31 and MCG21 can overlap timewise because
their beams are not adjacent).

The remaining MCGs may use any of the frequencies;
MCG22 recerves the next frequency and time slot assign-
ment, because 1) 1t has the most GIR to allocate of the four
remaining MCGs. MCG22 1s assigned 12, and given the ear-
liest time slot for 12. MCG32 recerves the next frequency and
time slot assignment, because 1) 1t has the most GIR (tied) to
allocate of the three remaining MCGs. MCG32 1s assigned 13,
the first MCG to be assigned 13. However, MCG32 uses
modulator 2, and thus 1its time slot allocation goes after the
MCG41 and MCG31 assignments which also use modulator
2. MCG42 recerves the next frequency and time slot assign-
ment, because 1) 1t has the most GIR to allocate of the two
remaining MCGs. MCG42 1s assigned 11. However, MCG42
uses modulator 2, and thus 1ts time slot allocation must go
alter the MCG41, MCG31, and MCG32 assignments which
also use modulator 2. MCG12 recerves the next frequency
and time slot assignment, because 1) 1t has GIR to allocate.
MCG12 1s assigned 11. However, MCG12 uses modulator 1,
and thus its time slot allocation must go after the MCG22,
MCG21, and MCG12 assignments which also use modulator
1.

Since the GIR for the MCGs has been assigned frequencies
and time slots, the AIR 1n excess of the GIR 1s then assigned.
The assignment progression proceeds in an order with a
weilghting toward those MCGs with 1) the most AIR to be
assigned, and 2) the most wanted frequencies (e.g., 11). The
illustrated progression provides but one example, as other

assignment progressions for the excess AIR may be used, as
well.

FIG. 30 1s a flowchart illustrating a method 3000 of select-
ing modulation and coding groups for frequency channel
assignment according to various embodiments of the mnven-
tion. The method 3000 may, for example, be performed by the
DBRA control unit 125 of FI1G. 1.4, or 5, the NCC 140 of FIG.
1, or any combination thereof. The method may also be per-
formed by the configuration 2500 of FIG. 25, or the system
2600 of FIG. 26.

At block 3005, the number of eligible downlink frequency
channels 1s 1dentified for each of a set of MCGs. At block
3010, downlink resource unit demand 1s estimated for each of
the set of MCGs. At block 3015, modulation and coding
groups are selected for frequency channel assignment 1n an
order corresponding to the number of eligible downlink fre-
quency channels and the estimated downlink resource unit
demand for each of the set of MCGs.

FIG. 31 1s a flowchart illustrating a method 3100 of modu-
lation and coding group Irequency channel assignment
according to various embodiments of the mvention. The
method 3100 may, for example, be performed by the DBRA
control unit 125 of FIG. 1.4, or 5, the NCC 140 of FIG. 1, or
any combination thereof. The method 3100 may also be per-
formed by the configuration 2500 of FIG. 25, or the system
2600 of FIG. 26.

At block 3105, the number and sizes of eligible downlink
frequency channels are monitored for each of a set of MCGs.
At block 3110, a cumulative guaranteed downlink rate 1s
identified for each of the MCGs. At block 3115, a measured
downlink traffic rate in excess of the cumulative guaranteed
downlink rate 1s 1dentified for each of the MCGs. At block
3120, first frequency channel time slots are assigned to the
MCGs 1n an order corresponding to the number and sizes of
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cligible downlink frequency channels and the guaranteed
downlink: rate for each of the MCGs. At block 3125, second
frequency channel time slots are assigned to the MCGs, sub-
sequent to the first frequency channel time slot assignments,
the assignments made 1n an order corresponding to the num-
ber and sizes of eligible downlink: frequency channels and
the measured downlink: traffic rates for each of the MCGs.

FIG. 32 1s a flowchart illustrating a method 3200 of fre-
quency channel and time slot assignment according to various
embodiments of the mvention. The method 3200 may, for
example, be performed by the DBRA control unit 125 of FIG.
1.4, or 5, the NCC 140 of FIG. 1, or any combination thereof.
The method 3200 may also be performed by the configuration
2500 of FIG. 25, or the system 2600 of FIG. 26.

At block 3205, among the MCGs of a system, the set 1s
selected that still has a GIR allocation without a frequency
channel and time slot assignment for a given period (e.g., a
frame, or epoch). At block 3210, from the selected subset, a
first subset may be selected that has the fewest frequency
s1zes that may be used (e.g., 1n a system with 320 MHz and
160 MHz bands, MCGs that can select only the 320 MHz
channel size (but not the 160 MHzchannel) may be selected
for the first subset). At block 3215, from the first subset, a
second subset may be selected that has the fewest number of
choices (e.g., 1n a system with multiple 320 MHz and 160
MHz bands, MCGs that can use only one of the 320 MHz
channels (e.g., because none of the other channels are avail-
able to the MCG because of CCI or other constraints) may be
selected for the second subset). At block 3220, from the
second subset, the MCG may be selected that has the largest
GIR left.

At block 3225, for each eligible frequency for the selected
MCG, time slots may be provisionally allocated for the com-
plete GIR allocation, with a preference for earlier slots. Thus,
cach available frequency channel may be compared to deter-
mine which has the best time slot fit. At block 3230, for the
selected MCG, the frequency channel which has the 1) largest
time allocation, 2) earliest last placed slot, or 3) 1s the least
used frequency, may be selected. At block 3235, the selected
frequency and associated time slots are assigned to the MCG.
At block 3240, a determination 1s made whether other MCGs
have allocated GIR but are lacking frequency channel and
time slot assignments. If so, aspects of the method 3200 return
to block 3205 to repeat for additional frequency and time slot
assignments for the remaiming MCGs with GIR according to
blocks 3205-3240.

However, 1f at block 3240, a determination 1s made that no
other MCGs have remaining GIR allocation, the AIR 1n
excess ol the GIR (e.g., the measured rate above the GIR ) may
be assigned time slots. There are a number of different
embodiments which may be used 1n the AIR frequency and
time slot assignment:

1) In one embodiment, a round robin assignment may
occur across MCGs, one time slot at a time. For each
MCG, the first (earliest) valid time slot may be assigned.
If there are multiple frequency choices, the best choice
may be made based on any number of factors (e.g., the
carliest time slot, or the least used frequency); or

2) In one embodiment, MCGs with the fewest frequency
choices left are 1dentified. For each such MCG, the least
used frequency may be selected. Once all of these MCGs
have been assigned frequencies, the 1teration may con-
tinue with MCGs that have a next fewest frequency
choice left, and so on. In these and other embodiments,
time slots for each MCG may be assigned with prefer-
ence given to those MCGs with the most AIR left for
assignment.
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FIG. 33 1s a flowchart illustrating a method 3300 of modu-
lation and coding group Irequency channel assignment
according to various embodiments of the mmvention. The
method 3300 may, for example, be performed by the DBRA
control unit 125 of FIG. 1.4, or 5, the NCC 140 of FIG. 1, or
any combination thereof. The method 3300 may also be per-
formed by the configuration 2500 of FIG. 235, or the system
2600 of FIG. 26.

At block 3305, the number of eligible downlink frequency
channels 1s monitored for each of a set of MCGs. At block
3310, downlink resource unit demand 1s monitored for each
of the MCGs. At block 3315, MCGs are selected for fre-
quency channel assignment responsive to the number of eli-
gible downlink frequency channels and the estimated down-
link resource unit demand for each of the MCGs. At block
3320, the frequency channel for assignment 1s 1dentified by
identifying an eligible frequency channel with a largest con-
tiguous time allocation remaining and/or fewer MCG assign-
ments than other eligible frequency channels. At block 3325,
time slot(s) are assigned within the identified frequency chan-
nel to a selected MCQG.

Any of the functionality described above with reference to
the satellite 105, terminals 130, or NCC 140 of FIG. 1, or
components thereof (e.g., resource manager 215, modem unit
115, or DBRA control unit 125), may be implemented 1n one
or more Application Specific Integrated Circuits (ASICs), or
1n one or more general purpose processors adapted to perform
the applicable functions. Alternatively, the functions of a
satellite 105 may be performed by one or more other process-
ing units (or cores) on one or more itegrated circuits. In other
embodiments, other types of integrated circuits may be used
(e.g., Structured/Platform ASICs, Field Programmable Gate
Arrays (FPGAs), and other Semi-Custom ICs), which may be
programmed 1n any manner known 1n the art.

It should be noted that the methods, systems, and devices
discussed above are intended merely to be examples. It must
be stressed that various embodiments may omit, substitute, or
add various procedures or components as appropriate. For
instance, 1t should be appreciated that, 1n alternative embodi-
ments, the methods may be performed 1n an order different
from that described, and that various steps may be added.,
omitted, or combined. Also, features described with respect to
certain embodiments may be combined in various other
embodiments. Different aspects and elements of the embodi-
ments may be combined in a similar manner. Also, 1t should
be emphasized that technology evolves and, thus, many of the
clements are examples and should not be interpreted to limat
the scope of the invention.

Specific details are given in the description to provide a
thorough understanding of the embodiments. However, 1t will
be understood by one of ordinary skill in the art that the
embodiments may be practiced without these specific details.
For example, well-known circuits, processes, algorithms,
structures, and techniques have been shown without unnec-
essary detail 1n order to avoid obscuring the embodiments.

Also, 1t 1s noted that the embodiments may be described as
a process which 1s depicted as a tlow diagram or block dia-
gram. Although each may describe the operations as a
sequential process, many of the operations can be performed
in parallel or concurrently. In addition, the order of the opera-
tions may be rearranged. A process may have additional steps
not included 1n the figure.

Moreover, as disclosed herein, the term “memory™ or
“memory umt” may represent one or more devices for storing
data, including read-only memory (ROM), random access
memory (RAM), magnetic RAM, core memory, magnetic
disk storage mediums, optical storage mediums, flash
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memory devices, or other computer-readable mediums for
storing information. The term “computer-readable medium”
includes, but 1s not limited to, portable or fixed storage
devices, optical storage devices, wireless channels, a sim
card, other smart cards, and various other mediums capable of 5
storing, containing, or carrying instructions or data.

Furthermore, embodiments may be implemented by hard-
ware, software, firmware, middleware, microcode, hardware
description languages, or any combination thereof. When
implemented 1n software, firmware, middleware, or micro- 10
code, the program code or code segments to perform the
necessary tasks may be stored in a computer-readable
medium such as a storage medium. Processors may perform
the necessary tasks.

Having described several embodiments, 1t will be recog- 15
nized by those of skill 1n the art that various modifications,
alternative constructions, and equivalents may be used with-
out departing from the spirit of the invention. For example,
the above elements may merely be a component of a larger
system, wherein other rules may take precedence over or 20
otherwise modily the application of the invention. Also, a
number of steps may be undertaken before, during, or after
the above elements are considered. Accordingly, the above
description should not be taken as limiting the scope of the
ivention. 25

The mvention claimed 1s:

1. A method performed by a satellite resource control unit
for allocating downlink resources in a multi-beam satellite
communications network having a plurality of terminals 1n 30
cach of a plurality of beams of a multi-beam satellite, the
downlink resources defined 1n resource units, the method
comprising;

identifying, at the satellite resource control unit, an esti-

mated downlink resource unit demand for each of the 35
plurality of beams for a future defined time duration
responsive to downlink traffic data for each of the plu-
rality of beams monitored before the future defined time
duration;

identifying an amount of allocatable resource units for the 40

future defined time duration for the multi-beam satellite
communications network;

dynamically allocating, responsive to the estimated down-

link resource unit demand for each of the plurality of
beams, a subset of the amount of allocatable resource 45
units to each of the plurality of beams to generate a
per-beam downlink resource umt allocation for the
future defined time duration;

identifying, in each of the plurality of beams, an estimated

downlink resource unit demand for each of a plurality of 50
modulation and coding groups;

identifying, in each of the plurality of modulation and

coding groups 1n each of the plurality of beams, an
estimated downlink resource umit demand for each of a
plurality of traffic classes; and 55
dynamically allocating, responsive to the estimated down-
link resource unit demand for each of the plurality of
modulation and coding groups in each respective beam,
the allocated resource units for each beam among the
plurality of modulation and coding groups for the future 60
defined time duration, wherein the allocating comprises
allocating the allocated resource units in each of the
plurality of modulation and coding groups 1n each of the
plurality of beams among the plurality of traflic classes.

2. The method of claim 1, wherein identifying the esti- 65
mated downlink resource unit demand for each of the plural-
ity ol beams comprises:
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measuring, on the multi-beam satellite, an amount of tratfic
directed to each beam.

3. The method of claim 1, wherein i1dentifying the esti-
mated downlink resource unit demand for each of the plural-
ity of beams comprises:

recerving trailic measurements from at least a subset of the
plurality of terminals 1n each beam.

4. The method of claim 3, wherein,

the traflic measurements are recerved at a ground-based
network control center; and

the dynamic allocation among the plurality of beams 1s
performed by the ground-based network control center.

5. The method of claim 1, wherein i1dentifying the esti-
mated downlink resource unit demand for each of the plural-
ity of beams comprises:

measuring queue sizes attributable to each beam.

6. The method of claim 1, wherein identifying the esti-
mated downlink resource unit demand for each of the plural-
ity of beams comprises:

calculating dropped packets for each beam.

7. The method of claim 1, wherein a relative allocation
among the plurality of traffic classes 1s different in each
modulation and coding group within a beam of the plurality of
beams.

8. The method of claim 1, wherein 1dentifying the esti-
mated downlink resource unit demand for each of the plural-
ity of modulation and coding groups in a beam of the plurality
of beams comprises:

recerving link condition data from at least a subset of the
plurality of terminals within the beam.

9. The method of claim 1, wherein the dynamically allo-

cating the allocated resource units for each beam comprises:
dynamically changing the per-beam downlink resource
unit allocation among beams, wherein the amount allo-
cated for at least a subset of the plurality of beams for the
future defined time duration 1s different from an allo-
cated amount of requested resource units for a prior time
duration for the at least the subset of the plurality of
beams, the prior time duration substantially equal 1n
length to the future defined time duration.

10. A system for allocating downlink resources 1n a multi-
beam satellite communications network having a plurality of
terminals 1n each of a plurality of beams of a multi-beam
satellite, the downlink resources defined in resource units, the
system comprising:

a beam estimation module configured to 1dentily an esti-
mated downlink resource unit demand for each of the
plurality of beams for a future defined time duration
responsive to downlink traffic data for each of the plu-
rality of beams monitored before the future defined time
duration;

a modulation and coding group estimation module, 1n com-
munication with the beam estimation module, and con-
figured to 1dentify an estimated downlink resource unit
demand for each of a plurality of modulation and coding,
groups; and
a resource allocation module, 1n communication with the
beam estimation module and the modulation and coding
group estimation module, and configured to:
identily an amount of allocatable resource units for the
tuture defined time duration for the multi-beam satel-
lite communications network:

dynamically allocate, responsive to the estimated down-
link resource unit demand for each of the plurality of
beams, a subset of the amount of allocatable resource
units to each of the plurality of beams to generate a
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changed per-beam downlink resource unit allocation
for the future defined time duration; and

dynamically allocate, responsive to the estimated down-
link resource unit demand for each of the plurality of
modulation and coding groups in each respective
beam, the allocated resource units for each beam
among the plurality of modulation and coding groups
for the future defined time duration; and

a traflic class estimation module, in communication with

the resource allocation module, and configured to 1den-
tify, within each of the plurality of beams, an estimated
downlink resource unit demand for each of a plurality of
traffic classes,

wherein the resource allocation module 1s further config-

ured to allocate the allocated resource units 1n each of the
plurality of modulation and coding groups in each of the
plurality of beams among the plurality of traffic classes
responsive to the estimated downlink resource umit
demand for each of the plurality of traffic classes.

11. The system of claim 10, wherein the beam estimation
module 1s configured to identily the estimated downlink
resource unit demand for each of the plurality of beams by
receiving a measurement taken on the multi-beam satellite
identifying an amount or other rate of traffic directed to each
beam.

12. The system of claim 10, wherein the beam estimation
module 1s configured to identily the estimated downlink
resource unit demand for each of the plurality of beams by

receiving traffic measurements made by at least a subset of

the plurality of terminals 1n each beam measuring
amount of trailic recerved from the multi-beam satellite.

13. The system of claim 10, wherein at least a portion of the
system comprises a ground-based network control center.

14. The system of claim 10, wherein the beam estimation
module 1s configured to identily the estimated downlink
resource unit demand for each of the plurality of beams by
measuring average queue sizes at the multi-beam satellite
attributable to each beam.

15. The system of claim 10, wherein the beam estimation
module 1s further configured to 1dentity the estimated down-
link resource unit demand for each of the plurality of beams
by calculating a number of dropped packets destined for each
downlink beam, the dropped packets occurring at the multi-
beam satellite or at a gateway transmitting to the multi-beam
satellite.

16. The system of claim 10, wherein a relative allocation
among the plurality of traflic classes 1s different 1n each beam
of the plurality of beams.

17. The system of claim 10, wherein the modulation and
coding group estimation module 1s configured to 1dentity the
estimated downlink resource unit demand for each of the
plurality of modulation and coding groups 1n a beam of the
plurality of beams by receiving a requested modulation and
coding group 1dentification from at least a subset of the plu-
rality of terminals within the beam.

18. A device for allocating downlink resources 1n a multi-
beam satellite communications network having a plurality of
terminals 1n each of a plurality of beams of a multi-beam
satellite, the downlink resources defined 1n resource units, the
device comprising:

means for identitying an estimated downlink resource unit

demand for each of the plurality of beams for a future
defined time duration responsive to downlink traffic data

5

10

15

20

25

30

35

40

45

50

55

60

38

for each of the plurality of beams monitored before the
future defined time duration:
means for identifying an amount of allocatable resource

units for the future defined time duration for the multi-

beam satellite communications network;

means for identifying, in each of the plurality of beams,
an estimated downlink resource unit demand for each
ol a plurality of modulation and coding groups;

means for identifying, in each of the plurality of modu-

lation and coding groups 1n each of the plurality of
beams, an estimated downlink resource unit demand
for each of a plurality of tratiic classes; and

means for allocating, responsive to the estimated down-
link resource unit demand for each of the plurality of
beams and the estimated downlink resource unit
demand for each of the plurality of modulation and
coding groups 1n each respective beam, a subset of the
amount of allocatable resource units to each of the
plurality of beams to generate a per-beam downlink
resource umt allocation for the future defined time
duration and the allocated resource units for each
beam among the plurality of modulation and coding
groups for the future defined time duration, wherein
the allocating comprises allocating the allocated
resource units i each of the plurality of modulation
and coding groups in each of the plurality of beams
among the plurality of traffic classes.

19. The device of claim 18, wherein the device comprises
the multi-beam satellite.

20. A satellite communications system for allocating
downlink resources 1n a multi-beam satellite communications
network, the downlink resources defined in resource units, the
system comprising:

a plurality of terminals in each of a plurality of beams of a

multi-beam satellite; and

a resource allocator system 1n communication via the

multi-beam satellite with each of the plurality of termi-

nals 1n each of the plurality of beams, the resource allo-

cator system configured to:

identily an estimated downlink resource unit demand for
cach of the plurality of beams for a future defined time
duration responsive to downlink tratfic data for each
of the plurality of beams monitored before the tuture
defined time duration;

identily an amount of allocatable resource units for the
tuture defined time duration for the multi-beam satel-
lite communications network:

identily, for each of a plurality of modulation and coding
groups 1n each of the plurality of beams, an estimated
downlink resource unit demand for each of a plurality
of traffic classes:; and

dynamically allocate, responsive to the estimated down-
link resource unit demand for each of the plurality of
beams, a subset of the amount of allocatable resource
units to each of the plurality of beams to generate a
changed per-beam downlink resource unit allocation
for the future defined time duration, wherein the allo-
cating comprises allocating the allocated resource
units 1n each of the plurality of modulation and coding,
groups in each of the plurality of beams among the
plurality of traffic classes.
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